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Abstract 
Waste is something that is discarded. Waste can be classified by chemical characteristics, 
biological parameters or by their origin. It can be derived from food, or various sectors of 
human activity, even from vehicle or electrical usage. Organic waste derives from agri-
culture, horticulture, forestry, hunting and fishing, food preparation and processing. 
Europe follows the path of reuse or recycle and getting away from landfilling and burning 
which are even nowadays the major treatment methods for waste. And although some 
countries decreased the amount of waste they produce, some others increased it and the 
numbers of waste produced remain more or less the same. Municipal waste was produced 
more in the past. Better handling of waste is needed to reduce the amount of waste pro-
duced or gain from its treatment, for example in energy, electricity or new jobs. 
Europe strives to implement rules and follow the path of combination of the energy sector 
with the environment and the economy. 
Organic waste in Europe tends to be used for energy production, heat, electricity, methane 
rich gas or compost and not landfilling. Landfilling is the major treatment method for 
waste in Europe but other technologies like gasification or combustion, energy or heat 
retrieval method are gaining ground and there is plenty of space for them to develop and 
become profitable. 
Gasification is a promising process that transforms a solid or liquid material into a par-
tially oxidized gas, called “syngas”. It is a little tricky because it depends on many pa-
rameters, but with proper handling can have many advantages. 
Waste to Energy (WtE) is defined the usage of energy present in waste. Lately the thermal 
process of waste gains ground. Combustion, gasification, pyrolysis and not incineration 
and landfill. 
The most common transformation techniques are: fuel bed (stationary, moving, circulat-
ing), fluidized bed and entrained flow. Those techniques can be applied in some machin-
ery, equipment and technologies, like grate firing, fluidized bed, rotary furnace, gasifiers 
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and pyrolysers. They differ in principles and in handling of various substances included 
in the processes. Inorganic material cause problems, the cleaning procedures are expen-
sive, ashes also interfere with the procedures. Cyclones catch many of these undesired 
impurities. 
Gasification handles solid or liquid materials and transforms them in gas/vapor phase and 
a solid phase. The gas phase is called “syngas”. The solid phase is called “char”. The 
outcome is the partial oxidation of the carbon included at the feeding material. The whole 
try has to do with the usage of biomass in energy applications and getting away from 
fossil fuels, which are harmful to the environment. It is an endothermic procedure and the 
oxidization of the biomass is made through allo-thermal and auto-thermal phases. The 
main steps are: 1. Oxidation, 2. Drying, 3. Pyrolysis, 4. Reduction. Another step is tar 
decomposition. The most common used gasification reactors are: 1. Entrained flow reac-
tor, 2. Fixed bed, 3. Fluidized bed, 4. Rotary kiln reactor, 5. Plasma reactor. Some other 
gasification technologies are high temperature air gasification, high temperature steam 
gasification, solar driven gasification with multiple advantages. 
For cyclonic gasification the cyclones are essential. Cyclones isolate small parts of mater 
from gases or liquids, they use centrifugal forces of a vortex to isolate them. The design 
criterions of a cyclone are very important. These are: The temperature of the flow field in 
the cyclone, the particle separation, the pressure drop, the cyclone efficiency, how cy-
clones operate in high temperatures, the parameters that play a key role in gasifier opera-
tion, which are: 1. Turndown analogy, 2. Efficiency, 3. Conversion amount and the last 
criterion the gasification process in the cyclone. 
Computational Fluid Dynamics (CFD) is a modern method of research which follows the 
basic rules of the conservation laws of mass, momentum and energy. They are expressed 
by partial differential equations. Many tests were run with CFD and geometry, turbulence, 
efficiency and velocity profiles are the sectors more important to consider them. The La-
grangian framework was selected, in which the particles are followed one at a time. 
The description of the gasifier was made by detailed analysis of the gasifier geometry and 
images of it, the mesh and mesh metrics, and also providing the Reynolds number. 
The configuration of the model follows, first with the description of the configuration of 
a cold/isothermal flow with air only and providing its results, and second with the de-
scription of the configuration of a cold/isothermal flow with particles, solid (wood) and 
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liquid (kerosene) and also providing its results. A comparison of the models with solid 
(wood) and liquid (kerosene) particles is also provided. 
Lastly a comparison of the flows with and without particles is made and pressure, velocity 
and wall shear are tested. 
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1 Introduction 
Waste is continuously produced and as the population rises in number so does the waste. 
There have been implemented many hopeful methods to handle waste but still landfill 
and incineration, which are harmful for the environment, are the most common methods 
and those which are used the most. 
The recent years strategies regarding this matter have to do with recycle or reuse of the 
waste in such methods to gain something back from them. The main point is to retrieve 
energy, electricity and probably more and new jobs from waste treatment. Towards this 
direction many novel technologies have been applied and still are. 
One of these and a very promising one is gasification, which is friendly with the environ-
ment, and even if it is sensitive, with the proper handling can be proven very useful, with 
many advantages. 
Cyclonic gasification yet is an other more precise method that has remarkable results with 
an outcome of “syngas” that is an energy carrier, which can be used at any desired time 
and can be stored. A very effective and helpful method cyclonic gasification is. 
CFD tools can be used to describe, analyze and configure the cyclonic gasification in 
order to lead it in more effective and valuable results. 
This is the main subject in the present work. 
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2 Literature Survey 
Literature Connections and offerings to present 
work 
1. A life cycle assessment of environmen-
tal performances of two combustion- 
and gasification-based waste-to-energy 
technologies, Umberto Arena, Filo-
mena Ardolino , Fabrizio Di Gregorio 
(2015). 
Discusses the issue of the emissions in the at-
mosphere from waste treatment and the reduc-
tion and manipulation of them, by using the cy-
clone separator system. A necessity according 
to the opinion of many governments and cities. 
Necessary to understand the significance of 
this technology for the waste treatment sector 
and how it works. 
2. Process aspects in combustion and gas-
ification Waste-to-Energy (WtE) units, 
Bo Leckner (2014). 
 
Analyses the processes that are used in waste 
to energy sector, by implementing the cyclone 
separation and gasification technologies. What 
are the mechanisms, the positive and negative 
of each one and it includes a comparison of 
them. 
Necessary to understand and learn the technol-
ogies and methods used by WtE sector in junc-
tion with cyclone separator technologies and 
the outcomes of such an effort, also the com-
parison of the methods between them. 
 
3. Exploratory Experimental and Theo-
retical Studies of Cyclone Gasification 
Explains the procedures under which a cyclone 
separation system works, by feeding it with 
wood powder. It completely analyses what 
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of Wood Powder, doctorial thesis, 
Christian Fredriksson (1999). 
 
happens with various particles into the ma-
chinery, the contour, the flow field, the flow 
course, the captivity of the impurities and other 
materials included in the fuel which is fed to 
the machinery and the escaped substances, also 
gives an idea of their use after the separation. 
Useful to understand how a cyclonic separator 
works, while is fed with wood powder. Also 
useful to understand the captivity processes of 
the impurities and the separation of the materi-
als for further energy usage. 
 
4. A review of design basis for cyclone 
gasification of sawdust. M.A. Miskam, 
M.Y.Idroas, Z.A.Z. Alauddin, & K.F. 
Mustafa. 
 
Dimensions and design of the cyclone separa-
tor. 
 
5. Comparison of different models of cy-
clone prediction performance for vari-
ous operating conditions using a gen-
eral software S. Altmeyer, V. Mathieu, 
S. Jullemier, P. Contal, N. Midoux, S. 
Rode, J.-P. Leclerc (2003). 
 
Dimensions of the cyclone separator. 
Idea of the design of the cyclone separator. 
 
6. RISO, Cyclone Gasifier for Biomass, 
Preliminary Investigations. Poul 
Astrup. (1995). 
 
General information of the cyclonic separator 
system. 
 
7. Design Criteria of Uniflow Cyclones 
for the Separation of Solid Particles 
from Gases. Ulrich Muschelknautz 
MCI Management Center Innsbruck 
General understanding of the design of a cy-
clonic separator. Uniflow cyclones can clean 
the fuel by using a much more compact design 
of the machinery. 
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paul Pattis MCI Management Center 
Innsbruck Michael Reinalter MCI 
Management Center Innsbruck Mi-
chael Kraxner MCI Management Cen-
ter Innsbruck. (2011) 
 
 
8. Experimental Study of Particle Collec-
tion Efficiency of Cylindrical Inlet 
Type Cyclone Separator. G. B. Sakura 
and Andrew Y. T. Leung. (2015) 
 
Better understanding in cyclonic separators 
design, although is referred in cyclones with 
cylindrical inlets. 
 
9. Flow simulation in industrial cyclone 
separator. C. Bhasker. (2009). 
 
Description of the flow inside a cyclone for 
commercial use, even in industry and detailed 
analysis of the tools used to perform the test. 
Complete analysis. 
 
10. Fundamentals of Cyclone Gasification 
Process and Operation. M.A. Miskam, 
M.Y.Idroas, Z.A.Z. Alauddin, K.F. 
Mustafa. 
 
General information of gasification process. 
 
11. Numerical study of gas-solid flow in a 
cyclone separator: A CFD investiga-
tion. An MSc thesis. Gkoutzamanis 
Vasileios. (2014). 
 
Description of a two phase flow into a cyclone 
separator. Complete analysis of the separate el-
ements that consist the experiment, from phys-
ics and mathematical models to CFD (Compu-
tational Fluid Dynamics) elements, methods, 
procedures and calculations. A CFD analysis. 
And the description of the outcomes of it. And 
turbulence models studied. 
Useful in understanding the two phase prob-
lem, but mostly to understand the computa-
tions of a CFD program, a CFD analysis and 
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the study of the various methods and models 
included. Better understanding of the parame-
ters used and needed to be used in such appli-
cations. 
 
12. Waste gasification vs. conventional 
Waste-To-Energy: A comparative 
evaluation of two commercial technol-
ogies. Stefano Consonni, Federico 
Viganò. (2012). 
 
A deep analysis and comparison of the two 
methods, waste gasification and most used 
WtE (Waste to Energy) methods, in industrial 
level and in community level. Analysis and ex-
planation of the technologies used, explanation 
of the methods and the procedures of each. 
Projects, models and analysis of each, plant 
studies, installations design and variables, 
analysis of parameters and results of studies re-
garding energy production, gross and net elec-
tric efficiencies, results of sensitivity analysis, 
power outputs estimates. The crucial factors of 
the attempt and the potential benefits of it. 
 
13. Low Reynolds Number Interactions 
between Colloidal Particles near the 
Entrance to a Cylindrical Pore Venka-
tachalam Ramachandran, Ramachan-
dran Venkatesan, Grétar Tryggvason, 
and H. Scott Fogler. (2000) 
 
Low Reynolds number as particles come 
closer near the entrance of a cylindrical tube. 
Mathematic and physical approach. 
 
14. Modeling the gas and particle flow in-
side cyclone separators. Cristóbal Cor-
tés, Antonia Gil. (2007). 
 
Basic of cyclone separators. Design of cyclone 
separators. Presentation of the flow field and 
pressure drop of various types of cyclones. De-
scription and study of the collection efficiency. 
Description of special phenomena into the 
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flow field of the cyclones. Presentation of CFD 
studies. 
 
15. Process and technological aspects of 
municipal solid waste gasification. A 
review. Umberto Arena. (2011). 
 
Presentation of possible paths for waste treat-
ment for solid waste. Presentation of gasifica-
tion vs waste combustion. Reference to the 
gasification technologies and thermochemical 
alteration of solid waste. Environmental study 
for the cyclonic gasifiers. 
 
16. Numerical investigation of swirling 
flow in cylindrical cyclones. Rainier 
Hreiz, Caroline Gentric, Noël Midoux. 
(2011). 
 
Description of the swirling flow into a cyclone 
by numerical means. Numeric description and 
help to understanding the swirling flow into a 
cyclone. 
 
17. Numerical simulation and optimization 
of fluid flow in cyclone vortex finder. 
Arman Raoufi, Mehrzad Shams, 
Meisam Farzaneh, Reza Ebrahimi. 
(2007). 
 
Design of a cyclone separator, simulation of 
the flow field, simulation of the velocities, par-
ticle tracking and explanation of the results. 
 
18. Numerical simulation of flow field in 
three types of standard cyclone separa-
tors. H. Safikhani, M.A. Akhavan-
Behabadi, M. Shams, M.H. Rahimyan. 
(2010). 
 
Design and numerical solutions for three types 
of cyclones, Stairmand, Shepherd and Lapple, 
Pamell and Davis. 
 
19. Optimization of the cyclone separator 
geometry for minimum pressure drop 
using mathematical models and CFD 
simulations. Khairy Elsayed, Chris 
Lacor. (2010). 
Studing the cyclone performance, with 
Stairmand design and Muschelknautz method 
for modelling. Surface analysis, comparison 
-8- 
 between designs with the use of CFD. De-
scribes the velocity and pressure fields, the dis-
crete phase modelling (DPM). 
 
20. Performance and characteristics of a 
cyclone gasifier. An MSc thesis. Mu-
hamad Azman Miskam. (2006). 
 
Information regarding sawdust and biomass 
feed in cyclone gasifiers. Study of cyclone gas-
ification, fixed beds, fluidized beds, entrained 
flow. Presents cyclone gasification technol-
ogy. 
 
21. Analysis and Optimization of Cyclone 
Separators Geometry Using RANS and 
LES Methodologies. Khairy Elsayed. 
(2011). 
 
An overall analysis of the cyclonic separation 
systems. Also analysis and optimization of the 
geometry of the cyclonic separators, especially 
using specified methodologies. 
 
22. Evaluation of a cyclone gasifier design 
to be used for biomass fuelled gas tur-
bines. PhD thesis. Hassan Salman. 
 
A study for cyclonic separators to be used as 
cyclonic gasifiers and fuel gas turbines. Anal-
yses the gas cleaning procedures and feeding 
system. 
 
23. Simulating turbulent swirling flow in a 
gas cyclone: A comparison of various 
modelling approaches. G. Gronald, J.J. 
Derksen. (2010) 
 
A thorough analysis of a turbulent swirling 
flow in a cyclone, from design, parametriza-
tion, calculations and results. Useful data gath-
ering study. 
 
24. Simulation of mass-loading effects in 
gas-solid cyclone separators. J.J. 
Derksen, S. Sundaresan, H.E.A. van 
den Akker. (2006) 
 
Simulation of separation of material to differ-
ent parts, separation of phases regarding their 
density in a cyclone separator. 
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25. Separation of liquid from vapour upon 
pressure relief. S. Muschelknautz and 
F. Mayinger. (1990) 
 
Study to separate liquid and vapour while re-
moving pressure. 
 
26. Structure and performance of the cir-
cumfluent cyclone. Weiwen Wang, 
Pan Zhang, Lixin Wang, Guanghui 
Chen, Jianlong Li, XIngang Li. (2010) 
 
Design, physical and numerical analysis of the 
structure and the performance of a specific 
type of cyclonic separator. 
 
27. Effects of geometry and solid loading 
on the performance of gas cyclones. A. 
C. Hoffmann, A. van Santen, R. W. K. 
Allen and R. Clift. (1991) 
 
Geometry analysis and numerical approach of 
the collection efficiency of a cyclone separa-
tor. 
 
28. Modern design of aerocyclone. Mat-
thias Bohnet, Olaf Gottschalk and Mat-
thias Morweiser. (1996) 
 
Aerocyclone model design for 1996, numeri-
cal and physical approach, study for the turbu-
lence phenomena and separation procedure, 
inlet conditions, comparison of calculated with 
experiment data, optimization of cyclones and 
suggestions. 
 
29. A transient method to study the pres-
sure drop characteristics of the cyclone 
in a CFB system. Shi Yang, Hairui 
Yang, Hai Zhang, Shaohua Li, 
Guangxi Yue. (2008) 
 
Presentation of experimental data and analysis 
of those regarding the pressure drop conditions 
in a cyclone separator. 
 
30. A Lagrangian-Eulerian hybrid model 
for the simulation of insustrial-scale 
gas-solid cyclones. Simon Schnei-
derbauer, Michael Friedrich Haider, 
Presents the model of multi-disband gas-solid 
flows in a cyclone. Numerically with equations 
and describing the physical phenomenon. De-
scription of the implementation of the meth-
ods. Numerical simulations and models. 
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Franz Hauzenberger, Stefan Pirker. 
(2016) 
 
 
31. Numerical study of dilute and dense 
poly-dispersed gas-solid two-phase 
flows using an Eulerian and Lagran-
gian hybrid model. D. Schellander, S. 
Schneiderbauer, S. Pirker. (2013) 
 
Description of the hybrid model Eulerian-La-
grangian. Modelling of multi-disband particle-
laden flow. Implementation of the methods 
and discussion of the results. 
 
32. The rapid development of small scale 
cyclones — numerical modelling ver-
sus empirical models. C.W. Haig, A. 
Hursthouse, D. Sykes, S. Mcilwain. 
(2016) 
 
Explains the function and usability of small 
scale cyclones and compares them with other 
models using numerical models on the con-
trary to empirical models. 
 
33. Assessing biomass steam gasification 
technologies using a multipurpose 
model. Angelo Maria Sepe, Jun Li, 
Manosh C. Paul. (2016) 
 
Describes the methods used in novel gasifica-
tion. Reports and explains some novel technol-
ogies of gasification as solar-driven gasifica-
tion, high temperature air gasification, high 
temperature steam gasification and autother-
mal reactors with steam injection. 
 
34. Biomass gasification technology: The 
state of the art overview. Antonio Mo-
lino, Simeone Chianese, Dino 
Musmarra. (2015) 
 
Describes the biomass gasification process and 
the methods included, the pre-treatment meth-
ods of the biomass used for gasification. Re-
ports the products of the gasification. Reports 
and explains some common used gasification 
technologies as entrained flow reactor, fixed 
bed, fluidized bed, rotary kiln reactor and 
plasma reactor. A comparison of the methods 
and technologies is made. Reports the biomass 
conversion products and where they are used. 
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It gives a picture of the status of the European 
biomass gasification facilities. 
 
35. Research challenges in combustion and 
gasification arising from emerging 
technologies employing directly irradi-
ated concentrating solar thermal radia-
tion. G.J. Nathan, B.B. Dally, Z.T. Al-
wahabi, P.J. van Eyk, M. Jafarian, P.J. 
Ashman. (2016) 
 
Analyses the solar technologies for gasifica-
tion and combustion. 
 
 
3 Waste 
Waste according to Section 4(1) of the Waste Management Acts 1996 and 20011 is “any 
substance or object belonging to a category of waste specified in the First Schedule [of 
the Waste Management Act] or for the time being included in the European Waste Cata-
logue which the holder discards or intends or is required to discard, and anything which 
is discarded or otherwise dealt with as if it were waste shall be presumed to be waste until 
the contrary is proven.” [5] 
3.1 Waste categories 
Waste can be classified in numerous categories taking into account various characteristics 
and parameters. Waste can be hazardous or no. To be hazardous they vary from being 
explosive, corrosive, toxic and other chemical characteristics, to being carcinogenic, in-
fectious or mutagenic and other biological parameters. They can also be classified by their 
origin, e.g.: if they are agricultural, municipal, industrial, manufacturing, from various 
                                                 
1 The Waste Management Acts 1996 and 2001, in www.irlgov.ie. 
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applications and usage of materials, from human or animal or from waste management 
facilities. They can also be waste from mining operations, drilling, process of meat, fish 
and other edible materials, from vegetables, from food industry and alcohol industry. 
They can also derive from wood processing and wood industry, from leather and textiles 
industry, from petroleum and natural gas industry, from organic chemical processes, from 
inorganic chemical processes, from thermal process, from metallurgy, from physical and 
mechanical treatment of various materials, from oil industry, from organic solvents, re-
frigerants and propellants. Some other categories are from end-of-life vehicles, electrical 
and electronical equipment, batteries, construction and demolition wastes, from human 
or animal healthcare. All the above classifications help to define them and decide which 
way they will be treated and by what methods. [5] 
3.1.1 Organic waste 
Organic waste mainly derives from agriculture, horticulture, aquaculture, forestry, hunt-
ing and fishing, food preparation and processing. It comes out of agricultural activities 
and products and similar sectors, from the processes of meat and fish and other foods of 
animal origin, from fruits and vegetables, edible oils, coffee, tea, tobacco preparation and 
processing, conserve production, yeast production and extraction, molasses preparation 
and fermentation. Also from sugar processing, from the dairy products industry, from 
baking and confectionery industry, from production of alcoholic and non-alcoholic bev-
erages. Some other sources are wood processing and production of panels and furniture, 
pulp, paper and cardboard, from leather, fur and textile industries, from organic chemical 
processes e.g. pharmaceuticals, fats, grease, soaps, detergents, disinfectants and cosmet-
ics, from organic solvents, sewer sludge, also from household, food industry, restaurants 
organic wastes, from gardens and parks. [5] A huge part of the waste nowadays is organic 
waste and is necessary to evolve the treatment methods that already used and invent new 
ones, for a better, sustainable and efficient, both environmentally and economically, way 
of treatment. The goal has to be to gain from such procedures either by getting back en-
ergy, or materials or even create more jobs.  
3.2 Trends of waste in Europe 
In Europe the citizens produce around 6 tonnes of waste annually per person. In 2010 
waste were calculated around two and a half billion tonnes. Europe loses great amounts 
of useful materials through waste treatment methods. Metals, paper, glass, wood, organic 
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materials and plastic are some materials that can be handled differently and have a gain 
from their reuse or use as raw materials for further usage in various applications. The 
most common methods of waste treatment are landfilling or burning, an exception is re-
cycling and their usage as raw materials for energy applications. From this 2,5 billion 
tonnes at least six hundred million tonnes could be reused or recycled. [1] 
From the produced waste the 4/10 are recycled, while the 8/10 are still landfilled. [1] 
It is clear from table 1 that, despite the variations, waste production comes mainly from 
construction, mining and quarrying, and various economic activities, then manufacturing, 
households and energy follow. [6] 
 
Table 1: Waste production (thousand tonnes) in 2012 by households and economic activities. 
[6] 
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The same is shown at figure 1, with the leading categories the construction with above 
1/3 of production, the mining and quarrying with almost 1/3 of production, then manu-
facturing with 1/10, households and waste/water with the same amount of 8/10, followed 
by energy and services again with the same amount around 0.5/10, then agriculture, for-
estry and fishing and finally wholesale of waste and scrap, with very low values around 
0.2-0.1/10. 
 
Figure 1: Waste production (%) in 2012 by households and economic activities. [6] 
 
In figure 2 the amounts of waste produced in kilograms per inhabitant, allover EU and 
around countries are presented, to show the magnitude of waste production and for com-
parison reasons to able to be performed. 
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Figure 2: Waste generation (kg per inhabitant) in 2012. [6] 
 
Figure 3 shows a comparison between years 2004 and 2012, regarding waste production, 
without taking into account the major mineral wastes, and is presented in kilograms per 
inhabitant. It is observed that the number of countries which produced more waste in 2004 
or 2012 is divided in half with 50 % of the countries, in number 19 of them, to produce 
more waste in 2004 and the other half in 2012. The amounts of waste produced have mean 
values more or less the same around 3000 kilograms per inhabitant for each of the two 
years. It is an issue that although some countries reduced the production of waste, some 
others increased it, and finally the mean values for both years are more or less the same. 
Actions needed to counter this phenomenon, either by better strategies and policies, or by 
applying more efficient new technologies to handle the problem. Better more efficient 
technologies to reduce the amount of waste produced or gaining back something from it, 
for example energy, electricity or new jobs. 
-16- 
 
Figure 3: Waste generation (kg per inhabitant) without the major mineral wastes, for 2004 and 
2012. [6] 
 
In figure 4 are shown the amounts in million tonnes of the waste produced for the years 
from 2004 to 2012, in some crucial sectors of the economy, without taking into account 
the major mineral wastes. Most waste are produced from manufacturing and households, 
while the least from construction and mining and quarrying. The most of the organic 
wastes are produced from households and many from manufacturing, if agricultural and 
similar activities are excluded. So it is an issue to handle them the best way possible. 
 
Figure 4: Waste production (million tonnes) excluding the major mineral wastes, for the EU of 
28, in years 2004, 2008, 2010 and 2012. [6] 
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The most countries produced municipal waste more in the year 2004 than 2014, as it is 
shown in figure 5, and the mean value of which is between 400 and 500 kilograms per 
capita. 
 
Figure 5: Municipal waste produced by each country (kg per capita), in the years 2004 and 
2014, sorted by 2014. [7] 
 
The level of produced municipal waste is dropped back at 1995 levels, with the highest 
values for the year 2000. 
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Table 2: Municipal waste produced by each country (kg per capita), in different years. [7] 
 
 
The path Europe follows is the one of reuse or recycle the waste produced and getting 
away from landfilling and burning. The target is a more circular economy of this matter, 
where the waste will be used again as raw material for various applications including 
energy ones. [1] 
The main route is to reduce the waste by taking care of the manufacturing procedures. To 
reuse and recycle the waste produced and reduced the imports of raw materials. This will 
also lead to creation of new market and numerous new jobs and job availabilities. Thus a 
better and more sustainable economy. [4] 
  -19- 
Also these actions have an environmental dimension, by that is meant that in EU the 
techniques that are chosen and the ones that are about to be chosen have as their main 
direction a more “clear” handling. By that is meant that the technologies applied lead to 
a more clean air, water and soil, the CO2 emissions or GHG (Green House Gas) emissions 
are reduced, so do the pollutants in water and soil, by applying better and more efficient 
methods in waste management toward this direction and definitely away from the harmful 
landfilling and burning, without energy recovery, techniques of the past. [1] 
The Seventh Environmental Action Programme underlines as the main directions for the 
waste management in Europe the following: 
 Reduction of the produced amount of waste 
 Rise of the amounts that are reused or recycled 
 Less incineration to the material that cannot be recycled 
 Less landfill or no landfill at all for materials that cannot be recycled or reused 
 Guaranteed implementation of the legislation regarding waste management to all 
member states [1] 
Same programs that ensure the following of this more creditable path are: the Seventh 
Environmental Action Programme, the Resource Efficiency Roadmap and the Raw Ma-
terials Initiative. [1] 
Energy trends in Europe 
The route Europe follows for energy maters is the one that has as its target to move to a 
principle that combines the energy sector with the environment and the economy. The 
goal is to achieve an economical sustainable and furthermore beneficial trend that has 
environmental considerations in it and it protects the environment and through all this the 
production of more clean energy, with less pollutants and raw materials from categories 
that were not used so much in the past, as non-recyclable waste. Another parameter to 
this whole plan is to reduce the energy needed and the demand for raw materials, this is 
going to happen by reusing or recycling already used materials. [2] 
EU ensures the implementation of such policies with many legislations that the state 
members have to follow and succeed this green future. EU works with many other ser-
vices to gather knowledge and make its strategies better, to achieve its targets regarding 
an efficient way of energy management and production. [2] 
3.2.1 Trends of organic waste in Europe 
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Organic waste or bio-waste is considered to be garden and park waste, food and kitchen 
waste from all possible places, from households to retail companies and restaurants, also 
food waste from food processing plants and industry. Some other categories are forestry 
and agricultural residues, manure, sewage sludge, natural textiles, paper and processed 
wood, also some by-products of food production. [3] 
Organic waste is the biggest part of municipal waste nowadays in Europe. If treated 
properly there are various gains from the carbon stored into it. But there is a conflict if 
this carbon is wise to be inserted back to the soil and replenish it or be burned, combusted 
with various benefits which is considered climate neutral by those who stand with this 
opinion. But the general idea for bio-waste treatment is: first prevent, then reuse and then 
recycle and compost, energy recovery and disposal. But the economy supports burning in 
incinerators for energy recovery, with premiums and funding, and not composting and 
anaerobic digestion to enhance the present soils. Those conflicting routes must be exam-
ined and studied well to end up at a solution balanced and efficient for the European 
society and economy. [8] 
Organic waste in Europe is treated with various ways, the worst of those is landfilling. 
But it is used extensively and the point now is to be reduced. Some directives make great 
effort toward this direction, like Landfill Directive (1999/31/EC), which oblige the mem-
ber states to reduce the amount of organic waste that they landfill to 35% of 1995 by 2016 
(for some counties by 2020). [3] 
The main though is organic waste to be used in a way that it will produce energy, heat, 
electricity, methane rich gas or compost and it will not be landfilled with the undesired 
outcome to produce more methane or be incinerated without further value. By implement-
ing the relevant methods, bio-gas and high quality compost for further usage, can be ob-
tained. [3] 
Several directives and regulations exist to ensure the implementation of the above trends, 
some of them are: the Waste Framework Directive, the Landfill Directive, the Industrial 
Emissions Directive and the Animal By-products Regulation. [3] 
3.3 Waste treatment in Europe 
Waste in Europe is treated in some main methods, those are: first landfill, then recycle, 
then incineration, then composting and finally other methods for energy production or 
electricity or manufacturing. The big percentage of landfill in waste treatment is not an 
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encouraging fact, because it pollutes a lot and nothing is gained back from this method. 
The main trend although is to prioritize waste treatment regarding energy production first 
and then recycle and composting. This shows the need of Europe for energy and how 
important is considered to use waste for such reason. Except from the traditional methods 
of waste treatment for energy recovery, others can be implemented, more efficient and 
less harmful, like gasification. [1, 7, 8] 
Although great efforts have taken place to evolve the methods of waste treatment and 
make them more efficient, as it is shown in table 3, despite the fluctuations between the 
member states, the major amount of waste is still landfilled in Europe. Landfill is proven 
the worst type of waste treatment due to undesirable environmental outcome, with in-
creased methane production, and no gain from the whole procedure. The amounts that are 
now landfilled, if they were handled better could give energy, electricity or heat. This 
handling is more efficient for the present economies and societies. That is the target of 
waste treatment. From the same table it is clear that energy recovery from waste treatment 
is not the last but one before it. A lot work must be done at this sector to gain more from 
waste. 
Table 3: Methods of waste treatment and according amounts treated (thousand tonnes), in 2012. 
[6] 
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Energy recovery gained ground as the years passed from 2004 to 2012. But the numbers 
are still low, especially if they are compared with those of disposal, which still is the 
major preferred method of waste treatment, which values remained more or less the same 
from 2004 to 2012. This is a good thing because its number were not gone up, but it is 
not a so good thing if it is considered that its values are still high in comparison with the 
other methods and especial the most efficient ones, like energy recovery. 
 
Figure 6: Development of waste treatment (million tonnes) in the EU of 28, for the years 2004 
to 2012. [6] 
 
It is clear from table 4 that the amounts of municipal waste treated by landfill have 
dropped from 1995 to 2014, but still they possess a considerable amount of the pie of 
treatment methods preferred with more than ¼. While other in which included more prof-
itable methods like gasification or combustion, energy retrieval or heat retrieval methods, 
only owns a very small percentage of the pie. Meaning there is a lot of space to develop 
such methods and invest into them and in parallel gain more by implementing them. 
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Table 4: Municipal waste treatment in the EU of 27, from 1995 to 2014. [7] 
 
 
The same picture as in table 4 is projected at figure 7. 
 
Figure 7: Municipal waste treatment by method (kg per capita) in the EU of 27, from 1995 to 
2014. [7] 
 
3.3.1 Gasification 
In the common methods of Waste-to-Energy, the Municipal Solid Waste is oxidized com-
pletely in a one-step combustion process. As an alternative numerous technologies have 
been proposed in which parts of the Municipal Solid Waste are oxidized in a gasifier 
(Heermann et al., 2001; E4tech, 2009). [9] 
This idea is not a new one, but it derives back in 14 century. [9] 
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It is also an idea that can be applied for the gasification of biomass (e.g. Reed 1981; 
Consonni and Larson, 1996; McKendry, 2002; Knoef, 2005; Osowski et al., 2005; Juni-
per, 2007). [9] 
Gasification is tricky when it comes to application because it is depended on the kind, 
constitution and state of waste or biomass that is about to be treated. Also it is not a much 
applied technology with limited gathered data regarding its operation and operation cost, 
its performance and efficiency. This makes the comparison with the conventional forms 
of waste treatment quite difficult. [9] 
Gasification is the process that transforms a solid or liquid material fed into the machinery 
into a partially oxidized gas, which name is “syngas” and mainly is composed of CO, H2, 
CO2 and H2O. [9] 
The gasification plant outcome can be not only power and heat as for conventional plants 
apply, but also chemicals, liquid fuels and hydrogen. And is a high efficient one. [9] 
Syngas must be cleared to enter the following machinery, because many of them are sen-
sitive to tar, acid gases, particulates and other impurities syngas includes. [9] 
Gasification can happen in two ways. One is the “two-step oxidization” and the other the 
“full” gasification, figure 8. The first give performances more or less the same as the 
conventional ways give, but the second one unlocks the higher performances of gasifica-
tion. [9] 
Although gasification can be more effective, efficient and with higher performances than 
the conventional ways. Can also have better combustion control and lower emissions of 
some pollutants, especially NOx, also can separate the metals that are in a non-oxidized 
form and can collect ashes. [9] 
Various and many the advantages of gasification use, but with the proper handling. 
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Figure 8: The two ways of gasification. [9] 
  
4 Gasification 
4.1 Gasification technology as an alternative to 
combustion 
As the years pass more and more waste is produced, more complex and in different forms. 
This situation makes urgent the most effective handling of waste, with better methods and 
advanced technologies. In recent years advanced methods of handling the waste were 
implemented and also techniques to prevent waste from being created. All this effort must 
follow the pillars of waste treatment (Mastellone et al., 2009; Brunner and Rechberger, 
2015; Massarutto, 2015): the safeguard of human well-being and also environment’s; bet-
ter use of resources; the treatment of what is left after removing the wastes; and all this 
with the most cost effective way. It is common sense that not only one way of treating 
with this situation exists. Most waste parts can be used again, recycled or pass through 
biologic procedures to be altered, following various methods of prime material grading, 
differentiated gathering and material categorization. Some materials are not possible to 
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be subsequent to these procedures and must be treated otherwise to safeguard human well-
being and environment’s, and to lower the leftovers for the populations to come. All these 
conclude that thermo-chemical procedures to deal with wastes are still necessary, proce-
dures that ensure the previous rules of efficient waste treatment and to give back energy 
and materials to last in the most effective way (Bosmans et al., 2013; Brunner and 
Rechberger, 2015). The most modern waste-to-energy plants operate better and more ef-
ficient as industrial installations for wiping out unhealthy organic substances, receiving 
back energy and materials and spare waste dropping sites (Arena and Di Gregorio, 2013; 
Vehlow, 2015). [10]  
The waste treatment methods with chemical procedures combined with temperature ad-
justments can be divided into two classes: thermal analysis regarding gasification and 
combustion. Combustion is the most entrenched, the energy outcome is significant and 
the contraction of impurities is also significant. Over 1400 installations exist around the 
globe, with a variation in quantity from 50 to 1400 kt/y (Castaldi and Themelis, 2010; 
Leckner, 2015). Gasification is more composite, the impurities are diminished harshly 
and the co-gasification of various types of waste is present as an option, leftover ashes 
from mostly used incinerators can be used as well (Arena, 2012). It is not used so much 
in the market and it is not so common, but around 100 waste to energy gasifiers exist 
nowadays that operate, with a variation in quantity from 10 to 250 kt/y. Yet nowadays is 
not so clear which technique is the best for thermochemical treatment of undefined waste 
types: the main question is which is the best, common incinerators or new novel thermal 
technologies. Another question is whether the best option is to use fuel gas technologies 
or flue gas ones (Arena et al., 2012). Some parts of this discussion are extremely im-
portant for those thermochemical technologies: well established technological means, 
with enough functional time and installations number at sizes needed (Brunner and 
Rechberger, 2015; Leckner, 2015); well treatment of the environment, controllable global 
warming scale, leftovers in the air and how much and of what kind are the solid remains 
(Arena and Di Gregorio, 2013; Buonanno and Morawska, 2015; Vehlow, 2015); and well 
management of the economics, by taking care of how the capital is invested and how the 
costs are handled, conditions that have to do with the size of the procedures, extra feed-
in tariffs or subsidies (Massarutto, 2015). [10] 
LCA is a very good tool to compare waste treatment techniques and the benefits and 
drawbacks that come forth from it (Fruergaard and Astrup, 2011). Many studies in the 
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resent past used LCA to describe waste to energy processes, taking critically in account 
incinerations and their procedures (Manders, 2009; Blengini et al., 2012) or as a part of a 
greater system, and compare the results with the other option they exist, like landfills or 
mechanical treatment, prior to combustion of solid fuel taken back (Arena et al., 2003; 
Finnveden et al., 2005; Giugliano et al., 2011; Manfredi et al., 2011). LCAs are used for 
the creation of the life cycle inventory (LCI) table. [10] 
The usage of energy present in waste, called Waste to Energy (WtE), is becoming more 
and more popular and also important as the control over various procedures, techniques 
and methods that has to do with the protection of the environment becomes stricter. The 
negatives of waste treatment are known, so landfills as an option is not the first one, in 
Europe they are controlled by the Council Directive on the Landfill of Waste (1999). The 
only possibility for something to end up in a landfill is not to be able to be changed into 
something else. Considering the variation in waste, there are different treatment methods, 
so are changeover methods. Waste mainly comes from agricultural, industrial and urban 
activities and also from forestry residues. The most dangerous waste categories end up to 
be destroyed. This sector is huge and as the years pass the more it concentrates eyes on 
it. Fu et al. (2010) proves that the publication regarding this matter have been increased 
the recent years: eight years ago 815 publications existed. Numerous data can be extracted 
from literature: Klinghoffer and Castaldi (2013), Karagiannidis (2012), Tchobanoglous 
and Kreith (2002), Thomé-Kozmiensky et al. (2012), Rogoff and Screve (2011), Niessen 
(2010), and Ludwig et al. (2003). [11] 
It comes easily to recognise from which country or which continent come the various 
types of waste and this can be done due to categorised and well known customs and be-
haviours of the population of the various countries and continents. The same applies for 
Europe and even between its countries. There can be differences between them regarding 
the sensitivity they have developed for environmental issues. [11] 
Fig. 9, result from the work of Hoornweg and Bhada-Tata (2012), shows the difference 
in percentages for six main categories of waste from different countries. For the industri-
alized countries (OECD) the most dominant type of waste is paper with 32%, then the 
organic with 27% and the least is metal with 6%. For the South Asia countries half of the 
waste is organic, here paper is 4% and the least metal and glass with 1%, considerable 
percentage covers the other category, except organic, paper, plastic, glass and metal, 
which mainly consists of the residues from burning of coal, like ashes. For the Latin 
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American countries around half of the waste is organic with a percentage of 54%, then 
paper with 16%, close is other and plastic with 12% and lastly metal with 2%, those per-
centages are similar to other world regions like, Africa, East Asia and Pacific (without 
industrialized countries). Those charts show trends. They are taken into consideration 
almost all types of waste of cities and places where population lives. There are some 
difficulties in the whole process. For example it is not well defined how much paper, glass 
and metal is recirculated in comparison to the places where such activities occur. It is 
difficult to categorize municipal waste and tell exactly how much of it goes from waste 
to energy. [11] 
 
 
Figure 9: Percentages of main waste categories, for different countries. [11] 
 
The ways that waste is manipulated is different from country to country even in Europe. 
The measurement vary from complete landfilling to complete use of the waste, with con-
siderable amounts to go from waste to energy. [11] 
Although differences exist in the ways of different cultures and population categories, the 
same manipulation seems to apply for the whole world, for the procedures regarding 
waste treatment and environmental legislature (e.g. CO2 reduction). The already har-
vested data, as those that are obtained nowadays, can be used to understand and estimate 
better the situation that is about to come, about waste categorization, usage and reuse as 
material for energy production or for making new products, in different countries and 
societies. [11] 
The technology needed for conversion of waste or for waste to energy procedures is used 
and understood many years now and there are numerous combinations: some legislations 
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and local characteristics of the population end up in using and promoting different tech-
nologies regarding the situation. [11] 
It has to be mentioned that manipulation of the waste is not only an issue of technological 
means, but also of social, economic and environmental characteristics of the society that 
is implemented. [11] 
4.1.1 Systems to transform waste to energy 
To extract energy from waste two routes can be followed: the thermochemical one and 
the biochemical one (e.g. digestion). In Fig. 10 it is shown the thermochemical route. [11] 
 
Figure 10: The thermochemical route for energy extraction from waste. [11] 
 
For waste transformation the fuel must be processed and transformed to a willing energy 
output. The processed waste it is possible to mean just mixing and blend in, a procedure 
followed at every situation or more advanced processing techniques as cutting to very 
small pieces and categorizing the product regarding some heavy substances and metals. 
Another not so common route is for the fuel to be processed for moving it to waste pro-
cessing installations and also to cement furnaces and boilers in order to serve as an addi-
tive in combustion. This type of fuel called “refuse derived fuel” (RDF) or in EU “solid 
recovered fuel” (SRF), with a stated content van Tubergen et al., 2005 provide to basis to 
end up with a certain standard (CEN/343 ANAS). [11] 
In most occasions the majority of waste is dropped at landfills or is incinerated without 
any real concern about receiving energy from them. As the years passed the need of re-
ceiving energy from waste became more and more important and nowadays is considered 
essential. Thermal processing: combustion, gasification, pyrolysis and energy take back 
are shown in different boxes in Fig. 10. The first step to extract heat from these procedures 
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was to place a boiler at an incinerator to absorb the heat. The distribution of the two 
different methods of processing and energy extraction are even nowadays present, but 
some new methods and technologies are trying to combine the two: the parts of a furnace 
that produce and have the maximum temperature are sealed to keep this temperature pre-
sent and the rest of the sealing are heat absorbing surfaces. Another reason for distin-
guishing the two procedures is a reason of procedure pattern, and by that is meant: for 
instance the prime step of processing could be pyrolysis or gasification and a next step 
could be combustion with energy absorption. [11] 
The description “conversion technologies” means a broad variety of technologies that can 
turn after recycling or remaining, mainly solid, waste into some commodities that can be 
used anew, like electricity, fuels and thermal power, by applying thermal, chemical or 
biological methods. Nowadays the thermochemical methods and procedures can be cate-
gorized by taking into account the percentages of different elements in an installation of 
such use, worldwide: if the worldwide percentage and analogy (air to oxygen analogy) is 
greater than one the installation is more likely to be used for combustion; if this same 
analogy is less than one then probably the installation is suitable for gasification; for py-
rolysis the oxygen amount must be none, this is a rule. Very close to it a fuel fragment is 
in contact with different conditions: it loses al its moisture when the temperature rises, 
then it loses all its small particles included in it, by continuing rising the temperature and 
at the end the remaining gases and ashes are transformed depending on the close perimeter 
amounts of oxygen: they end up gasified or burnt. The products that are received from 
these procedures, shown in Fig. 10, are thermal power (that is further converted to elec-
trical power or remain for heating purposes) or gas outcome in case of gasification and 
flue gases outcome that are treated to end up clean and, further on, take the two combus-
tion outputs, carbon dioxide and water. Outputs from pyrolysis and gasification are gases 
and solids to undergo processing again into the installation or out of it. The manipulation 
of the ashes and the other leftovers is something crucial in waste manipulation methods 
and installations; those must be transformed into something useful again in the most op-
timum scenario or end up at a landfill or in a destruction site at the worst. [11] 
4.1.2 Methods, technologies and techniques for waste to energy 
systems 
Three transformation techniques apply: fuel bed (stationary, moving, circulating), fluid-
ized bed, and entrained flow. Those methods describe the routes that follow, the places 
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they take, those small sized fragments of matter, that are present in the fuel and the states 
that they undergo through the whole procedures: losing their moisture, pyrolysis, and 
combustion or gasification. The European Commission (2006) takes action to determine 
the optimum methods to be used for waste transformation, by publishing papers entitled 
“Best Available Technology” in which thorough analysis of relevant technologies is writ-
ten. [11] 
Fuel bed and fluidized bed are most used in machinery for waste transformation: com-
bustor Fig. 11, or gasifier or pyrolyser. The transformation can take many paths: many 
operations can appear into the same device or they can appear in different devices that 
are combined together. On a grate (Fig. 11a), the operations are subsequent and the one 
comes after the other during the length of the grate. This procedure is useful to receive 
what is wanted under total burn-out. In some grates the fuel goes as a whole during the 
length of the grate. In such situations the mechanisms are similar to a fixed bed against 
the flow, a technique used in fixed-bed gasifiers, but in this situation is a relative thin 
volume, which follows the route of the fuel blanket. The fluidized bed (Fig. 11b), on the 
opposite is a mechanism that transforms together the small fragment of matter with the 
bed material, while they are mixed and the gases and unsettled matter goes up in the 
machinery. The machinery under circumvolution (Fig. 11c) tries to mix the fuel by cy-
cling it all around and the gases go up through the machinery all mixed up by themselves. 
[11] 
 
Figure 11: The waste transformation technics: a) grate firing, b) fluidized bed, c) circumvolu-
tion. [11] 
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Grate firing 
Putting fire on a grate is the most common combustion technique, and its name is “mass 
burning”. The same applies for waste combustion, in which occasion the machinery takes 
in the material even if the status is relatively harsh. The newest approach is to control 
better the combustion and the situation is as referred. Grate firing is analysed in literature 
e.g. Spliethoff (2010). The waste is fed to the machinery via the fuel channel and putted 
onto the grate by another mechanical system. The fuel goes along with the inclined grate 
with a speed around 0.1 m/min, and it is moving forward by some mechanic part that are 
included and they are part of the grate. The top superficial part is in direct contact with 
the radiation from the flames that are created by the gases that go up from it and the 
refractory parts of the machinery, its temperature rises and it is losing its moisture. As the 
fuel band is heated, the fuel loses the small particles included in it as it goes towards the 
grate. When the temperature reaches the appropriate level, ignition starts fuelled by the 
first air coming from the bottom places: very few air is given at the place where loss of 
moisture happens and the rest of the coming air is fed to numerous ducts underneath the 
grate, following the pace of the combustion, to the centre of the bed. The combustion face 
is moving down at the opposite direction of the air into the bed, while the last is moving 
forward. If the moisture is high in the fuel, the combustion face cannot propagate in front 
of the air and the grate must be appropriate to guide the bed in another direction. How 
fast is moving the fuel and how tall or thick is the bed are in direct comparison to grand 
burn-out before the end limit of the grate, to provide ashes without any materials that can 
be ignited at that place. The temperature of the ash is then dropped down, metals and 
other residues is usual to be removed at that stage and finally the ash is transferred to the 
landfilling site or it is used again. [11] 
A portion of the whole mass of air is fed in as first air through the grate. At close distances 
the air could be insufficient to deplete the small particles included in it, which usually 
burn higher that the bed construction of a flame that can be seen, as it is presented in Fig. 
11. Gases that moved around are used at these close distances, in many grate furnaces, to 
provide more gripping and thus better combustion. There the second gases mix with the 
primal gases (Fig. 11a). After that the gases follow a pseudo plug-flow and go through 
every passage in the machinery to reach relocation tube-bundles at superheater, econo-
mizer and air preheater. The extra air analogy can be 1.6 and 2.2 regarding the construc-
tion of the machinery and the fuel, Spliethoff (2010). Extra air of 1.6 happens when 1/10 
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of air is pushed in the zone where the moisture is diminished, 4/10 at the prime combus-
tion zone and 1/10 to the burn-out zone. What remains from air is fed as secondary air. 
Fuel gas can be moved again to provide greater mixing and reduction in temperature of 
the grate. Nowadays a machinery, an installation carefully constructed and operated, as 
the Amsterdam Waste to Energy installation, the extra air analogy is 1.4 (Murer et al., 
2011) and almost ¼ of the fuel gas is moved again. [11] 
Alteration of fuel in a grate it is possible to be affected by many parameters, Beckmann 
and Scholz (2002): I. stoichiometry, whole and specific, depends on the first amount of 
air that exists in the grate, II. the bed thermal capacity depends on the available air, air 
temperature and the situation above the bed, III. how bed is functioning depends on the 
characteristics of the grate: a stirred bed and a plug-flow bed can happen, IV. how long 
the fuel stays on the grate it depends on grate characteristics, dimensions and type of 
movement. [11] 
The bottom part of the heating device can be made of bricks, but generally is made of 
tubes, enveloped by protection structures. Not only protection of the machinery is an issue 
but also the maintenance of the gas temperature. For Europe the gas temperature must be 
higher than 1123 oK for the final couple of minutes before adding the last air (European 
Commission, 2000), and a reduction to 973 oK must happen before the gas comes into 
contact with the high heated tubes, to reduce destruction of the tubes and leftover in them. 
[11] 
Fluidized bed 
Combustion and gasification methods for fluidized bed have been described by Basu 
(2006). The fluidized bed structure of Fig. 11b, is similar the grate fired installation in all 
around aspects, even in United Europe legislations. Here the fuel is inserted at a structure 
into the fluidized bed, a place that is similar to fluidized sand, of half a millimeter size, 
those materials are mixed all together, with the ashes from the decay. The speed of the 
fluidized place is around a couple of meter per second at this moving bed. This means a 
facial power of one Mega Watt fuel per cubic meter, as Effenberger and Spliethoff (2010) 
mention, more or less the same as grate’s power. The facial dimensions of the heating 
device are determined by the movement speed to prevent from construction of too big 
machinery for the according installations, so the speed is increased to five meters per 
second, and the power is increased at almost two and a half Mega Watts fuel per square 
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meter. At such values some parts of the moving bed are taken by the flue gases and they 
have to be recovered back to the bed, by the use of a cyclone. [11] 
The major plus for the fluidized bed is the temperature and movement of the bed that 
forces the material in a quite well heated place with stable temperature. This applies well 
for waste treatment procedures. Because the procedures take place almost above the bed’s 
surface the material is not necessary to drop its temperature by various extra methods, 
because for some procedures the aftermath of the usage can be destructive for them, like 
cooling tubes (Leckner, 2013). This part work the same as grate firing equipment. The 
combustion takes place at place higher above the base for a circulating fluidized bed and 
the heat travels to the midpoint and the higher parts, where the heat transaction happens. 
The mean value for temperature is 1123 oK and can be higher if the bed is not burned, 
The first air can be 6/10 and the second 4/10, the extra air can be 2.8/2 to 3/2 and some-
times 3.2/2. [11] 
The first blows of air come into the machinery from the bottom part inside from some 
openings. This technique forces some large parts of mater usually from disposal to end 
up at the bottom of the machines, which make difficult for air to come through and hard-
ens the whole procedure of fluidized bed. Thus good pretreatment of waste is necessary. 
New designs have been implemented to solve this problem up to a point, Fig. 11b, 
(Petänen, 2010a; Babcock and Wilcox, 2008), such an arrangement provides space for 
the large part of mater and ashes to be extracted from the bottom part. Another arrange-
ment does the same but with openings that have an angle (Ebara, 2014; Foster Wheeler, 
2013). [11] 
Rotary furnace 
The rotary furnace is used to dry material especially materials cut to small pieces. For the 
field of waste manipulation it is most used for destruction of unhealthy wastes and in 
other means for gasification and pyrolysis. A work that describes it has been done by 
Thomé-Kozmiensky et al. (2012). [11] 
The rotary furnace is constructed mainly of a cylindrical body around ten meters long and 
a few meters for diameter, which has a slight angle. There are protection structures inside 
of the cylinder. This body is placed on wheels and turns with a velocity of 0.05 and a 
couple of turns per minute. From one end the fuel is injected in and from the other the 
ashes go out. A combustor in which the fuel enters following the current with air ratio of 
two to two and a half, up to three, is presented at Fig. 11c. Procedures to dry, disinfect 
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and combust happen, at the same time the fuel is moved around in cyclical flow and is 
blended, and even upgraded with some materials. The combustion gives heat. Gasifica-
tion is heated from the inside and for pyrolysis the heat comes from the exterior or via 
tubes, which are different from those used for the gases to be taken out. [11] 
The dimension of the cylinder and the velocity with which is rotated dictate how much 
the small parts of mater will stay inside the machinery and how well they are treated. This 
is the best thing about rotary furnaces, to manipulate how much the material will stay in. 
If the round velocity is changed the whole machinery will change properties. But the 
blend of the gas is not always good and in most occasions another heating device is 
needed. Sometimes the only thing a rotary furnace does is to play the role of a preheater 
and then a grate and a combustion vessel is necessary for the gases to be burned. [11] 
It is needed quite the amount of extra air for this kind of installations and the need to reuse 
flue gases is urgent for the devices afterwards, rather than use second air. [11] 
Gasifiers and pyrolysers 
All the aforementioned types of devices can be used for gasification and pyrolysis as well 
for fixed and moving beds. A good book that analyses such subjects is Higman and van 
der Burgt (2008), and an analysis better seated for waste treatment was published by 
Arena (2012). [11] 
If the mater is waste to energy then some specialized procedures can be left off, e.g. 
plasma gasification because it needs a lot of electricity, electricity that otherwise could 
be used for other applications, but it has many pluses to. It is so electricity consuming 
comparing to other methods that is left behind when considerations of such matter occur 
and it is not a good option when waste to energy is under consideration. Another example 
for not usage is suspension gasification, in which high level preparation for the fuel is 
needed. This method applies well for example at large scale installations and at waste 
treatment to produce recycled paper (Naqvi et al., 2010). Waste to energy installations 
are usually small. The size depends on the waste and the distance from the installation, 
but there are exceptions that the waste comes for places quite far away. This small size 
dictates that composite chemical procedure will not give the desired benefit from such 
actions, even they cannot stand true. For waste gasification the procedures have to do 
with gas generation in fixed or moving beds, then leaded to combustion machines, to 
finally produce electricity through Brayton or Rankine cycles. [11] 
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Comparison of the methods and machinery 
The ashes are an important component for the waste transformation procedures. If ashes 
are considered the fluidized bed is quite different from the other procedures. For the grate 
firing and the rotary furnaces the ashes are taken out from the ending of the procedure 
after in purpose destruction of any material that can be burned; no char, or a very little 
composition of it remains at the bottom. If fluidized bed is considered then the ashes at 
the bottom is the result of very well mixed bed: ashes, bed substances and a little compo-
sition of char (more char is present at a gasifier than a combustor because the remains are 
the result of fuel substances, reaction rates, bed heat and air given).  More fly ash is going 
out from a fluidized bed mechanism than a grate firing one. The fly ash can be many times 
more than the ash residues at the bottom (Åmand and Leckner, 2004) in fluidized beds, 
but for mince firing the fly ashes may represent 1/10 of the total ash amount, in the year 
2004, regarding European Union directives, ISWA (2006). [11] 
Fluidized bed method has the lowest nitro-oxide compounds. But the fuel gas allowance 
is stricter and cleaning is mandatory. However considering the conditions under which 
mince firing runs the nitrogen-oxide emitted is almost the same as in fluidized bed and 
also low. In fluidized bed if limestone is added in the bed the Sulphur is reduced as out-
come. This cannot happen in any other method, but for the waste to energy applications 
is not so mandatory because most wastes are low in Sulphur. [11] 
Carbon monoxide and not burned hydrocarbons are more or less the same in amounts for 
all methods. But a well mix is a pre-requirement in all occasions. But for excess air is 
another story: the rotary furnaces need high amount of excess air, fluidized bed and grate 
firing can be in function with around ½ excess air, if the wastes are previously treated and 
the air supply is adequate. [11] 
The grate firing is one the oldest technologies, it has been developed a lot and new ad-
vanced models exist nowadays. For the rotary furnaces the situation is quite similar, but 
is has considerable heat losses, about 1/10 (Thomé-Kozmiensky et al., 2012). That is not 
a well situation and characteristic for waste to energy applications, but is quite well for 
incinerators of unhealthy wastes. [11] 
How a machine works is also important. Fluidized bed is both for combustors and gasifi-
ers, mince firing is mainly used for combustors but in some cases and with different judg-
ment can be used for gasifiers as well. This method has been analyzed, described and 
  -37- 
presented by Beckmann and Scholz (2002). The main pluses are low nitrogen-oxide out-
flows and 1/5 of excess air. [11] 
Fixed-bed, stable devices belong to grate firing technique. They are usually used for coal 
applications, but they can be used in waste treatment applications as well. An excellent 
example is the British Gas/Lurgi gasifiers, with oxygen injections and under pressure, 
which were under usage for waste treatment for five years in Schwarze Pumpe (Breault 
2010), from 2000 to 2005. It is also installed in some Japanese installations. But they are 
limited in Mega Watt production in a few Mega Watts, because of not stable transfor-
mation routes for the fuel in big beds. [11] 
4.1.3 Materials and cyclonic gasifiers 
Inorganic material cause problems that limit the usage of wood powder as fuel for the gas 
turbines. Erosion of the turbine blades may occur due to this inorganic material particles 
and also potassium and sodium impeachment on turbine surfaces. The impeachment is 
accounted for jams in the stream, vibrations and in sometimes corrosion. [12] 
The majority of the applications that use biomass in gas turbines, are using fluidized base 
methods and cleaning procedures with high cost. Another way is to use cyclone gasifier 
at low temperatures and use this machine as a cleaner and as a gasifier as well. Following 
this procedure some of the volatiles contained in the fuel will be released and some of the 
fixed carbon contained will be gasified. Taking this path the positive is that the tempera-
ture will be maintained at levels that ash melting and/or ash vaporization will not be pre-
sent. The corrosive ashes will therefore remain as part of the char particles in solid state, 
in which condition would be easier to be separated latter on from the gas that is produced, 
in the cyclone. [12] 
This point of view was studied first by Fredriksson and Kallner [1993] who were experi-
menting in the Royal Institute of Technology in Stockholm with a separation cyclone with 
one inlet, using wood powder injected with pressurized air and gasified at 1 atm. Latter 
on the experiments continued at the Luleå University of Technology. There the new fa-
cility gave the opportunity to experiment with cyclones with up to four inlets and the fuel 
powder to be injected with steam under pressure. In Fredriksson [1999] doctorial thesis 
the experiments made there, up until May 1996, are covered. In the same paper some 
theoretical implementations of cyclone gasification are covered which lasted from 1996 
to July 1999. [12] 
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4.1.4 Removal of particles from gases 
Tiny sized matter infects fuel and this is known quite some time from here to the past. 
Those tiny sized parts of matter in the air infect the air route in a city and they are con-
sidered harsh form of pollution in many occasions. 
Industry takes that seriously in account, governments as well and take many actions to 
constrain the pollution in the most effective way. By minimizing the pollutants, yet doing 
so with the less possible cost. 
Cyclones also capture those tiny parts to: 
1. be used again in the whole procedure (as catalysts) 
2. be used further themselves 
3. be sold to potential buyers. 
Another reason to capture those tiny parts is to prevent any further damage of the equip-
ment used by the installation. 
The properties of the material used as fuel and thus the properties of the tiny parts in-
cluded as infection vary a lot. Thus the machinery used for disinfection must be capable 
of handling various materials, from food residues to hard soil materials. Some of these 
materials act more solid like and others more flow like, so are and their characteristics. 
4.1.5 Some earlier studies 
Gas turbines nowadays are catered mainly of natural gas or oil. Following the advances 
of the technology now the usage of poor-quality coals and heavy fuel oils is permitted, 
following direct combustion or gasification first and combustion latter on. The main focus 
is to use coal. As fossil fuel are put at the background, alternatives are needed. At the 
latest decades the reduction of CO2 emissions is a main issue and local fuel resources are 
investigated, thus biomass plays a crucial role at gas turbine applications. The experience 
in using wood for these applications is limited and only some studies regarding using 
coal, oil and gas have been made. Nevertheless some resemblances exist when using coal 
or wood as fuel in gas turbines. The main problems are deposition, erosion and corrosion 
(DEC) [Moses and Bernstein, 1994]. [12] 
Outcomes from some tests in real life have been given by Hamrick [1989] and Ragland 
et al. [1995]. Hamrick [1989] made use of an air-staged combustor under pressure, in 
which the wood was inserted dropping into a vertical container. Ragland et al. [1995] 
used a combustor with gravel underlay and a downward direction forming a right angle. 
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When operating a gas turbine with wood no noticeable erosion is present but some mate-
rial stays at the turbine blades. Those remains is easy to be removed with walnut shelling. 
When Hamrick [1989] was practicing the remains took the form of the glass and to re-
move them they had to scratch when the inlet temperature was above 790 oC. More po-
tassium sulphate was stored at the surface of the blades compared to the common fuel. 
Abundant amounts of CaO, MgO, K2SO4 and Ca(OH)2 were present at the experiments 
of Ragland et al. [1995]. [12] 
Hamrick et al. [1989] was practicing no more than a month using the machinery feeding 
it with remains from cut wood. Ragland et al. [1995] used the machinery about 9 days, 
one third of the previous situation feeding it with small pieces of wood. No erosion could 
be observed with naked eye at both experiments. Hamrick [1989] observed 33 ppmw 
small matter population, with a size reaching 2.6 μm. He also disinfected the material 
using a cyclone before feed it into the turbine. Ragland et al. [1995] did not washed the 
material using hot air and neither mentioned anything about infections in the gas fed to 
the turbine. Some other problems that occurred had to do with the stocking system of the 
machine [Hamrick, 1989]. [12] 
The cyclone at the test of Fredrikson [1999] is the most used one with tangential inlets. 
(Fig 12). A type of cyclone that passed through many enhancements throughout several 
years. A lot experimentations with this type of cyclone can be found in science commu-
nity [Shepherd and Lapple, 1939; Alexander, a949; Stairmand, 1951; Lapple, 1951, Perry 
and Green, 1984, Ogawa, 1984 and Ogawa, 1993]. Studies regarding the velocity in the 
cyclone and the pressure drop have given to the public by Shepherd and Lapple [1939], 
ter Linden [1949], Boysan et al. [1983a], Löffler et al. [1991], Bankel [1992] and Fraser 
et al. [1997]. Turbulence in velocity is included in experimentations of Boysan et al. 
[1983a], Löffler et al. [1991] and Bankel [1992]. Mathematic equations have benn devel-
oped by many scientists to give a clearer view of the course the materials follow inside 
the cyclone with constant temperature. The most advanced of those belong to Boysan et 
al. [1982], Boysan et al. [1983a], Griffiths and Boysan [1996] and Fraser et al. [1997]. 
Another one that has to do with the usage of wood as fuel has been provided by 
Sengschmied and Haselbacher [1995]. [12] 
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Figure 12: The cyclone in the tests of Fredrikson. [12] 
 
The cyclone method is a widely used one to clean a fuel before feeding it into the machine, 
examples of such studies are Alexander [1949], ter Linden [1949], Lapple [1950], Lapple 
[1951], Stairmand [1951], Muschelknautz and Trefz [1993] or Ogawa [1984]. In many of 
them can be found techniques to calculate pressure drop and how well the materials arte 
disinfected by the impurities, by considering the dimensions of the cyclone, how it works 
and under what state. Some experiments regarding this matter have been made by Kang 
et al. [1989], Iozia and Leith [1990] and Kim and Lee [1990]. Other efforts have been 
made to be able to foresee the result for the size of the pieces of the material, pressure 
drop and how well is purified the fuel from its impurities. [Barth, 1956; Leith and Licht, 
1972; Dietz, 1981; Mothes and Löffler, 1988; Iozia and Leith, 1990; Ramachandran et 
al., 1991]. Some easy rules of thumb are given by Perry and Green [1984]. Some methods 
with great status to foresee the disinfection of the fuel have been provided by Boysan et 
al. [1982], Griffiths and Boysan [1996] and Frank et al. [1998]. [12] 
Cyclones have been used for combustion of solid fuel quite a few decades. Around 1920 
some noticeable efforts have been done in UK [Syred et al., 1987]. The use of those cy-
clones have been made primarily to burn high-ash coals. Those high-ash coals are quite 
difficult to burn in common coal burners. Very few circumstances are mentioned that the 
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fuel used is wood. Though some experiments have been done by Cousins and Robinson 
[1985] and Kallner et al. [1994]. [12] 
Syred et al. [1987] mentioned various examples of cyclone combustors. Syred and Be9r 
[1974] have been studying swirling flow combustors. The flow course in this situation is 
different from the one under constant temperature. Some scientists dealt with flow course 
and other procedures during combustion with all kinds of fuels, some of them are Najim 
et al. [1981], Mohammed-Ali and Syred [1987] and Morgan et al. [1988]. A 3D model of 
a slightly different combustor under stable temperature have been shown by o’ Doherty 
et al. [1993]. Lede et al. [1986] dealt with pyrolysis of wood. [12] 
Some studies to foresee the behavior of a coal fueled cyclone with more mathematic scope 
of view have been made by Boysan et al. [1986], Syred [1992] and Moghiman et al. 
[1996]. Boysan et al. [1983b] compared their model with the outcomes of the studyof 
Barnhart and Laurendeau [1982]. Fletcher et al. [1997a] developed a model to describe 
cyclonic gasifiers with two inlets, which use biomass as fuel. [12] 
4.2 Gasification technologies 
4.2.1 Gasification process 
Biomass gasification is the procedure of handling solid or liquid materials and transforms 
them in gas/vapor phase and a solid phase. This gas phase produced called “syngas” and 
has high heating properties. The solid phase is called “char”. The whole process has as 
an outcome the partial oxidation of the carbon included at the feeding material of the 
equipment. The whole procedure is used to increase the use of biomass in energy usage, 
and enhance biomass utilization for this sector. The whole try has to do with getting away 
from fossil fuels, which are harmful to the environment. [24] 
The gasification reactions are endothermic, and the energy gained by oxidization of the 
biomass, through allo-thermal and auto-thermal phase. For the auto-thermal phase the 
energy comes from partial combustion, while in allo-thermal phase the energy comes 
from the exterior. [24] 
The main steps of gasification process are, fig. 13: 
1. Oxidation (exothermic stage). 
2. Drying (endothermic stage). 
3. Pyrolysis (endothermic stage). 
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4. Reduction (endothermic stage). [24] 
Another stage is tar decomposition. [24] 
 
Figure 13: Most important stages of gasification. [24] 
Oxidation 
Oxidation is the process under which the energy for the endothermic processes is ob-
tained, and happens under no existence of air. [24] 
Drying 
Drying is the process under which the moisture of the feedstock is removed and the heat 
needed is derived from the other stages of the gasification. [24] 
Pyrolysis 
Pyrolysis is the decomposition of the matrix carbonaceous materials, the cracking of 
chemical bonds. Three types of fraction can be derived: a solid, a liquid/condensed and a 
gaseous one. The solid fraction is about 5 – 10 wt% for fluidized bed gasifiers to 20 -25 
wt% for fixed bed gasifiers. The liquid fraction, called “tars”, is about 1wt% for 
downdraft gasifiers, 1 -5 wt% for bubbling bed gasifiers and 10 – 20 wt% for updraft 
gasifiers, and all this at low temperatures. The gaseous fraction is about 70 -90 wt% of 
  -43- 
the fed material and is a mixture of gases at medium temperatures. This is called “pyrol-
ysis gas”. The pyrolysis is endothermic, it happens at temperatures around 250 -700 oC 
and the heat comes from the oxidation step of the gasification. [24] 
Reduction 
Reduction is the process where the products of pyrolysis and oxidation react with each 
other and this ends at the formation of the syngas. The reduction is it total endothermic 
although it includes endothermic and exothermic reactions. The energy comes from the 
oxidation stage. The temperature at which reduction happens is a crucial one for the prod-
uct syngas. [24] 
In general gasification without oxygen happens at 800 -1100 oC and that with oxygen at 
500 – 1600 oC. [24] 
4.2.2 Main gasification technologies 
Gasifiers differ between them in: 
1. The way of contact between the feed material and the gasifying part. 
2. Kind and rate of heat exchange 
3. How much time the fed material stays into the reaction field. [24] 
The most used reactors used for gasification are: 
1. Entrained flow reactor. 
2. Fixed bed. 
3. Fluidized bed. 
4. Rotary kiln reactor. 
5. Plasma reactor. [24] 
Entrained flow reactor 
In the entrained flow reactor the fed material and the gasifying agent are fed together, at 
high temperatures (1300 – 1500 oC). They can be divided in slagging and non-slagging 
reactors. [24] 
Fixed bed reactor 
Fixed bed reactors are divided in updraft and downdraft reactors. In the updraft reactors 
the syngas goes up and the solids down. While in the downdraft reactor both the syngas 
and the solids go down. [24] 
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Fluidized bed reactor 
In fluidized bed reactors the bed in made of a material with tiny parts like sand which is 
rotated and stirred with the presence of bubbles. The gasification agent is fed from the 
bottom-up. The materials are mixed and the gasification happens inside the bed. The gas-
ification is divided into two stages, the first is a bubbling fluidized bed and the second is 
a high-speed gas that drags the solids where the pyrolysis and gasification occur. This 
method has high mixing cap-abilities, and high mas and heat transfer rate, at constant 
temperatures all over the gasifier. Sometimes catalysts are used. [24] 
Rotary kiln reactor 
Rotary kiln reactors consist of a rotating axis, slightly tilted. The mixing happens by con-
tinuous stirring of the device. This method has the greatest residence time of all the meth-
ods. The mixing can be enhanced by putting barriers in the drum where the rotation hap-
pens. [24] 
Plasma technology 
Plasma is an ionized gas stream at high temperature, up to 10,000 oC, that is obtain from 
electric discharge, it is characterized as “arc”. The electrodes are into the “flashlight”. 
This process is characterized for the atomic degradation of the matter. Plasma appliances 
can happen in two patterns: 
1. Direct appliance at the solid to be destructed. This way the temperature can be 
controlled, while large variation in flow rate, moisture content, size and elemental 
composition of the material is possible. 
2. The maximization of the synthesis gas created with light components in it, without 
any tar. The plasma method cleans the syngas, without altering its energy content. 
[24] 
4.2.3 Other gasification technologies 
Some other new technologies and methods for gasification are: 
High temperature air gasification 
A technique with high temperature for the gases than reduces the amount of CO2 pro-
duced. [25] 
High temperature steam gasification 
A technique used to obtain syngas richer in H2, although it is not so effective. [25] 
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Solar-driven gasification 
It is used as an allothermal heat source and is highly related to the net solar flux at the 
entering part of the reactor chamber. [25] 
Solar gasification is a study subject from the 80’s and has some advantages in comparison 
with the autothermal gasifiacation: 
1. The syngas derived is around 35% more to reach 100% (while on steady state of 
operation) by using the solar energy in the place of the fuel used in autothermal 
methods. 
2. The syngas product is cleaner without any co-production of CO2 which comes out 
of the autothermal methods. 
3. It reduces by around 50% the amounts of CO2 emitted for applications that have 
to do with power generation. [26] 
4.3 Cyclonic Gasification 
4.3.1 How cyclones operate 
Cyclones are used commonly for separation which work by taking advantage of centrif-
ugal forces to isolate small pieces of mater from a gas flow. The main usage of cyclones 
is for environmental reasons (Rob Thorn, 1998) where the most of the particles must be 
kept away from deliver them to the atmosphere and because of the great variety in the 
sizes and the characteristics of them, the usage of various technologies is urgent. Cyclones 
are very cheap in construction costs, they don’t need many money to operate and can be 
used in various applications (Chi-Jen Chen et al., 2001). They are very effective for par-
ticles of size a little bigger of five micrometers and they can support a lot of burdening. 
[13] 
Many sizes exist to fit in various situations. The large ones are used in industry, while the 
smaller for more common uses and to classify material or capture material for experi-
ments. Their main parts are: gas inlet, main cyclone vessel, vortex finder and a dust cap-
ture device at the bottom. The dimensions of the most used type of cyclone with tangential 
inlet (Maroulis et al., 1995) are presented at Fig. 14, they are visible as: Dc = Cyclone 
main vessel diameter, De = gas outlet diameter, a = inlet height, b = inlet width, H = total 
cyclone height, h = cylindrical vessel’s height, S = gas outlet tube length and B = dust 
outlet diameter. [13] 
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Figure 14: Dimensions of a typical cyclone. 
 
Cyclones are machines that are used to isolate small parts of mater from gases or liquids 
(Rob Thorn, 1998). They use the centrifugal forces of a vortex to isolate particles (An-
drew, 2000). When the fluid with the small parts of mater included is fed to the cyclone 
from the tangential inlet, the unique design of its body, forces the fluid into a spiraling 
route (Ma et al., 2000), which first goes down from the outer part and then goes up from 
the inner part of a two ways spire. When this whole system reaches the reversed cone part 
of the cyclone the centrifugal forces take values much greater than gravity, this forces the 
particles to be separated (Solero et al., 2002). [13] 
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The particles that are heavier from the fluid that carries them they are forced to move 
perpendicular to the route of the fluid. The larger particles are moved further out at the 
outside part of the spire due to their larger inertia. When the centrifugal forces become 
relatively large the heavier particles and then the rest up to a point are forced out of the 
spire and thus they are separated. [13] 
4.3.2 How crucial are the design criterions for a cyclone 
Same temperature flow field in cyclone 
The flow routes in a cyclone are very composite (Solero et al., 2002). This compound 
picture comes through the high turbulence present there, high anisotropy, the 3D shape 
and moving parts or situations due to high circumferential patterns of flow. The gas enters 
the cyclone tangentially through the inlet and with velocity capable of forcing it at the 
center of the cyclone. [13] 
The most spiraling motion is observed at the distance between the inlet and all the way 
down to the bottom. There the direction changes and now faces upwards and to the gas 
outlet of the cyclone from the center of it (Shepherd et al., 1939). The reversed conical 
part of the cyclone body does not allow captured materials to reenter the cyclone. Those 
that have escaped captivity now are forced through the flow upwards and they exit 
through the gas outlet. [13] 
The velocity change values depending on the place inside the moving spire, due to turbu-
lence. The same reason forces the system to give and take masses of gas between the 
inner and outer parts of the spire, which is necessary for the separation procedures. At 
Fig. 15 the Rankine’s synthetic vortex observation present how the tangential velocity 
changes. [13] 
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Figure 15: Changes of tangential velocity. 
 
For the tangential velocity (Vt) is true that: 
Vt = constant × r, for 0 < r < α 
Vt × r
n = constant, for α < r < D/2 
Where D = diameter of cylindrical main cyclone body, r = radius of it, n = vortex expo-
nent, and α = radial position. [13] 
The highest value of Vt is one and a half to two and a half greater than inlet velocities 
(Perry & Green, 1984). For the radial position α, this can be found ½ of the gas outlet 
tube radius to equal the gas outlet tube radius, which is relative to the flow pattern and 
the dimensions of the cyclone. For n, n = 1 in ideal free vortex, with viscosity = 0 and 
frictional effect = 0. From experiments the values of n are between 0.5 and 0.9 (Leith et 
al., 1972). The description of n is: 
n = 1 – {[1-0.67(D0.14)] (T/283)0.3}     (1) 
where D = diameter of cylindrical main cyclone body. [13] 
Solero and Coghe (2002) constructed a prototype cyclone in the laboratory to experiment 
with both solid and gas phase. The results showed the complexity of the flow field in the 
cyclone when present both of the phases. Both a turbulent and 3D flow field was present 
inside the cyclone. The outer spire with downward direction has a greater radius and the 
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inside spire with upward direction to the gas outlet has smaller radius. But if the radius of 
the gas outlet is large the inside flow will be directed downwards. That is because the 
phenomenon at the center of the cyclone have a minimum value for velocity. The value 
of radial velocity is relatively smaller than those of tangential and axial velocities. It is 
not an easy thing to measure their values but their direction is inwards to the cyclone. For 
axial and tangential velocities their values can be captured by using Laser Doppler Ve-
locimetry and for radial velocity using Particle Image Velocimetry. [13] 
The flow field with the two spires, the one going downward from the outer part and the 
other going upward from the inner part is named double vortex. By the increase of the 
radius the radial static pressure gradient increases as well with analogous magnitude. This 
is the cause of the creation of the double vortex. The point at which the flows change 
direction is moving around a mean value frequently and randomly. But this position can 
change with another where the fluctuations will continue. [13] 
Particle separation 
The separation ability of the cyclone comes from the centrifugal forces applied with an 
outward direction and the drag forces with an inward direction caused by the flow course. 
The centrifugal forces separate the particles depending on their weight. So the heavier 
particles are pushed at the outer region of the cyclone, then following the flow at the 
bottom and from there out to the dust collector. [13] 
The lighter particles are moved to the inner part of the flow. If the drag force is strong 
enough they are led at the center of the cyclone, at the upward direction flow, and most 
likely they will escape with the gases from the gas outlet. Around the place near at the 
gas outlet where the dimensions are equal to the radius of the gas outlet the centrifugal 
forces increase because of the increase of the tangential velocity at that place. So at some 
time the forces applied at a particle regarding its velocities may become so less that it will 
be forces to rotate at a constant orbit with a radius more or less equal to the radius of that 
place, meaning the radius of the gas outlet. A change in its course may happen due to 
turbulent eddies or by hitting other particles (Shepherd et al., 1939). At the lower part of 
the cyclone where the reversed cone rests a reversed flow begins to form and this leads 
to creation of a place with low pressure, which goes up from the center by the axis of the 
cyclone, passes from the vortex finder and goes up through the gas outlet. [13] 
There are two reason for separation of solids from gases, the first is the categorization of 
the material in the cyclone regarding the centrifugal forces and the second is that a flow 
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can sustain up to a number of solids. The centrifugal force field exists in the whole cy-
clone due to the swirling flow. The analogy between the centrifugal force field and the 
gravity force ranges from a hundred to two thousand, and so the gravity force is not so 
strong in comparison to centrifugal force field. The last separation happens near the inlet. 
When a particle is under the influence of centrifugal forces, a radial velocity is created. 
This velocity is overlapped by an axial component. The harshest surfaced particles will 
be moved at the outer flow near the wall and those with the smoother surface will be 
moved at the inner flow, where they will be separated regarding their size and the shape 
of their surface. If a particle will end up near the wall or not, depends on the volumetric 
flow rate and the place that it will be set due to classification of the materials. [13] 
The double vortex is a secondary flow which has a great influence at the isolation of the 
particles. The upper part of the vortex is a short way to bypass the flow, the particles that 
will follow this path, they will end up at the gas outlet and they will not be removed from 
the flow. If some particles that have been captured will sucked back in to the vortex, this 
is an indication of not a good function of the cyclone. This is an issue because the lower 
part of the vortex can enter to the dust bin and gather some particles from there. If the 
place at the bottom of the cyclone is not sealed well the inner vortex will go inside the 
dust bin and it will suck out some particles, that they will end up in the cyclone again, 
and this is a sign of not a good function of the cyclone. [13] 
Pressure drop 
Pressure drop is a crucial factor to say if the function of the cyclone is good or not. This 
quantifies the amount of work necessary for the cyclone to operate, this is important when 
economic studies are about to happen or to evaluate the function of the cyclone. Pressure 
drop is the difference in mean values for pressure at the gas inlet and at the gas outlet. 
This whole amount of pressure drop is due to losses at the gas inlet, gas outlet and through 
the whole cyclone body. [13] 
This pressure drop happens due to wall friction and while the inner part of the vortex 
becomes smaller when it enter the vortex finder. The whole pressure drop happens for 
two reasons. The prime one is the losses of pressure at the zone of isolation of the particles 
included in the gas, which happens because of the friction of the gas with the walls or 
between gas, solids-particles and walls. This part of the pressure drop is about 8/10 of the 
whole pressure drop. It is in junction with the frictions, the kind of wall surfaces and the 
tangential velocities. The last reason is the one that has to do with the in between relations 
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of the tangential velocity, the radius and the mean axial velocity at the entrance of the gas 
outlet from the cyclone. This pressure drop is about 2/10 of the whole pressure drop. 
When cyclones are used as separators the less pressure drop that is attained the less is the 
efficiency of the cyclone, which is an unfortunate event. Whenever some tries to increase 
the efficiency of a cyclone happen this leads also to big values of pressure drop. [13] 
The pressure drop over a cyclone is described from the following equation as Ogawa, 
1984 mentions: 
𝛥𝑝𝑐 = 𝜁𝑐 ∙ 𝜌 ∙
𝜈𝑖
2
2
     (2) 
Where Δpc = pressure drop, νi = the mean gas inlet velocity at inlet tube, ζc = pressure 
drop coefficient, which is described as: 
𝜁𝑐 = 𝑋 ∙ (
𝐴𝑖
𝐷𝑒
2)
2
     (3) 
Where X and ζ are functions of the cyclone design and dimensions, Ai = the inlet tube 
area and De = gas outlet tube diameter. [13] 
The above equations for pressure drop have value when the flow has constant temperature 
and no particles are included. If particles were present the pressure drop would be differ-
ent. If more particles are present, the pressure drop will be less. This situation due to 
particles influence and drives in equilibrium in a way for the gas momentum in close 
levels through the radial direction. This will make less the n factor in equation number 1 
and it will also lessens the tangential velocity. A low tangential velocity will lower the 
pressure drop also due to less friction with the walls and less turbulence. But there is a 
critical value where the pressure drop increases as the concentration of the particles also 
increases. This happens when particle start to hit with each other and with the walls and 
thus the losses due to friction increase as well (Fredriksson, 1999; Ogawa, 1984; Shep-
herd & Lapple, 1939). [13] 
What influences the cyclone efficiency 
Cyclones are used for separation reasons for more than a century. All the characteristics 
of the cyclones have been through experimentations and studies all these years, pressure, 
velocity, temperature, the amount of particles, the geometric characteristics of the cy-
clones and its body parts have been through all this studying. [13] 
The efficiency of the cyclone can be measured and quantified by considering the number 
of particles captured by the cyclone to the number of particles that enter the cyclone (Rob 
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Thorn, 1998). As a characteristic efficiency is changing depending on numerous factors 
as: air status, physical characteristics, the kind of flow and particles peculiarities. Nor-
mally efficiencies have values from 7/10 up to 9/10. [13] 
One of the most difficult thing for this sector, which many times comes out of experience 
is the choice of the geometry for a cyclone. Many times this effort end up to relevant 
software programs for the creation of the geometry and the calculation of the efficiency. 
From some experiment that had to do with force balance and another two that had to do 
with force balance and residence time in the cyclone showed that when the geometry is 
given the prediction of the efficiency is an easy thing and when the efficiency is known 
an optimum geometry can be chosen (Lim et al., 2004). [13] 
There is another crucial parameter for the separation efficiency and this is the diameter 
of the dust outlet tube. Two scientists made many experiments with this parameter, those 
are Stefan & Jacob (2001). The outcome of their experiments is that the kind of the gas 
outlet influences the flow pattern and it can change it, thus is a crucial parameter for the 
efficiency. [13] 
The kind of the surfaces that come in contact with the flow field is another important 
parameter. The geometry play a crucial role here. For the efficiency to be high a consid-
erable and relevant amount of time is necessary for the particles to stay in the cyclone and 
the mean value of the velocity must apply for the interior of the cyclone. For this reason 
an optimum height for the cyclone is necessary in order efficiency to be high. The effi-
ciency increases as the height increases to (Lim et al., 2003) but there is a critical value 
for this also, due to friction issues and being away from the surfaces. [13] 
By interfering with the geometry and the characteristics of the cyclone the efficiency can 
become higher and the pressure drop less. Kim et al. (2001) applied many changes at 
those sectors to influence these two parameters at the surfaces of the cyclone, and the 
names for them are: spiral guide body, circumferential groove body and vertical groove 
body. The outcome of those experiments was that the spiral guide that it was positioned 
into the cyclone enhanced the efficiency of it at low flow rates. But at high flow rate it is 
not a wise thing to deal with collection efficiencies. [13] 
The gas outlet is also important and its dimensions and they play a crucial role in deter-
mining the efficiency. If the diameter of the gas outlet is increased the width of flow at 
this specific place can be decreased and as for the height it can become bigger. These 
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modifications can lead to an increase in efficiency and also in pressure drop (Lim et al., 
2003). [13] 
The vortex finder shape can influence the efficiency of a cyclone (Kim et al., 2001). When 
the vortex finder diameter becomes smaller the collection efficiency becomes greater, but 
the physical and geometrical characteristics of the vortex finder are not so important fac-
tors to influence the collection efficiencies. When the inlet velocity is high and the vortex 
finder small, if the density of the dust is increased the vortex height will become small. 
Moore and McFarland (1993) proved that different vortex finders with stable Reynolds 
number influenced the flow of the particles and this came out of experimentations of six 
different vortex finders. [13] 
If a double inlet cyclone is compared with a single one in terms of collection efficiency, 
the first is better about 1/6, for given gas inlet type and vortex finder diameter (Yoshida 
et al., 2004). So double inlet cyclones are the ones with the greater efficiency. [13] 
The reversed cone type in cyclone separators has great influence in efficiency (Ontko, 
1996). If the cone is reduced in size, this will lead to greater efficiency without any serious 
enlargement in pressure drop, and this happens if the cone opening is greater from the gas 
outlet opening. [13] 
As a conclusion it can be mentioned for a larger efficiency the necessary factors that must 
be big are: the amount of particles inserted, their size, the gas inlet velocity, the height of 
the main body of the cyclone, the analogy of the main body diameter to the gas outlet 
opening and static pressure drop inside the cyclone. [13] 
How a cyclone functions in high temperature 
The temperature as a parameter for separation using a cyclone and especially at high tem-
peratures is a significant parameter to consider. By many experiments (Bohnet, 1995) it 
has been shown that the increase in temperature decreases the separation efficiency of a 
cyclone. Also pressure drop decreases by applying the same functions. All the previous 
phenomena can be explained by reduction of density, the higher wall friction and high 
viscosity because of the increase in temperature. All these three factors have as a result 
the reduction of tangential velocity which end ups by decrease of pressure drop and how 
well the particles are separated. For all these values to be obtained the common thing was 
the velocity at the gas inlet to be the same and stable (Fredriksson, 1999). [13] 
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What plays crucial role in gasifier operation 
The most important parameters for a gasifier that it will be used for biomass applications 
are the following: 
1. Turndown analogy 
2. Efficiency 
3. Conversion amount 
Turndown analogy (or turndown ratio, TR) can be given as the following equation: 
𝑇𝑅 =
𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛
𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑜𝑢𝑡𝑝𝑢𝑡
     (4) 
This analogy can be from three to twenty and the gas status plays an important role. If the 
turndown analogy is too small this means an unclear gas is produced and if it is too big 
the gas has low energy. Turndown analogy is significant parameter for various feeding 
applications. This parameter for fixed bed is 5 and for fluidized bed is 3. It is affected 
mostly from the moisture content of the fuel. But the size of the combustion chamber and 
the insulation are also crucial. The efficiency is also a significant thing to consider at that 
kind of applications and is given from the following equation: 
𝑛 =
𝐶𝑜𝑙𝑑 𝑔𝑎𝑠 𝑒𝑛𝑒𝑟𝑔𝑦
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑓𝑒𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦
× 100     (5) 
This parameter can take values between 7/10 and 9/10. The losses are in junction with 
considerable losses in heat of the gas, which then goes to the walls of the gasifier, also 
ashes losses and char placement at the surfaces of the equipment. It has been proven by 
Fredriksson (1999) that as the moisture content rises to efficiency drops. That is because 
this moisture must be evaporated. [13] 
Something also important is the amount due time at which the gas is generated from the 
solid substance that is fed to the gasifier. This generation amount due time is expressed 
as energy to are and ranges from 630 to 9450 kW/m2 or as energy to volume and in this 
occasion ranges from 1030 to 5150 kW/m3. The area applies for the entrance of the gasi-
fier and the volume for the place of the reduction zone. Those values are important and 
help the comparison between gasifiers of different sizes and the decision of the kind and 
size of a potentially installed gasifier. [13] 
Gasification in cyclone 
Those things that characterize a gas and its quality are very important because always 
dictate the usage of it. The heat energy of the gas shows how easily it can combust. The 
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char and particulates contained in the generated gas are crucial to be known to determine 
by what means and how the cleaning of the equipment will be done and also what kind 
of equipment will be used for the appropriate applications. The temperature of the gas 
shows what means for cooling will be used and at what rate, it also reveals the potential 
heat recovery from that gas. The moisture that is contained in the gas dictates the means, 
the equipment and how intense the cooling will be. [13] 
By proceeding with experimentations with gas oil combustion, a material that its com-
bustion processes is quite close and similar to that of solid fuels, showed that the velocities 
at the outer part of the cyclone have values around those of the isothermal case (Moham-
med Ali & Syred, 1987). Wood dust if it is compared with pulverized coal it has a bigger 
analogy of volatiles. With very quick heating a larger amount of fuel will be converted to 
gas. This released gas reacts on the instance with the oxygen that exists there. If this 
comes under consideration wood fuel acts similar to gaseous fuel (Najim et al., 1981). If 
comes under consideration the kind of fuel and the situation under which the combustion 
takes place the route of the flow that is produced will be different. The volatiles of a solid 
fuel will act as in gaseous fuel and it will react at the time when it will enter into the 
cyclone. When the temperature will rise the density will drop and the particles will be 
moved at the outer or the inner part of the cyclone due to centrifugal forces. This phe-
nomenon will force only part burned air and particles, which have smaller values of tem-
perature and higher values of density, towards the walls of the cyclone. Some particles 
forced by centrifugal forces will be moved at the outer region of the cyclone also. This 
previously described phenomenon is useful because it forces the partially burned materi-
als to remain into the cyclone enough time for them to be burned completely (Fredriksson, 
1999). The swirl number S is a vital parameter for swirling flows in a swirl burner, as 
cyclone combustors. For cyclones this number S is: 
𝑆 =
2∙𝐺𝜑
𝐷𝑒∙𝐺𝑥
     (6) 
Where Gφ is the axial change of the angular momentum and Gx is the axial change of the 
linear momentum. Sometimes an easier parameter is calculated, which is in direct junc-
tion with the dimensions of the cyclone, because the swirl number is not always an easy 
thing to calculate and for its calculations a thorough knowledge of the flow is needed. So 
the geometric swirl number Sg, which has to do with the isothermal conditions, is: 
𝑆𝑔 =
𝜋∙𝐷𝑒∙𝐷
4∙𝑎∙𝑏
     (7) 
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When the inlet and outlet gas temperatures of a situation without constant temperature 
are known, the geometric swirl number for this situation is: 
𝑆𝑔𝑇 = 𝑆𝑔 ×
𝑇𝑖𝑛𝑙𝑒𝑡[𝐾]
𝑇𝑜𝑢𝑡𝑙𝑒𝑡[𝐾]
     (8) 
This function says that the swirl number lowers its value when the gas temperature rises 
affected by the combustion. If the gas that exits the cyclone is feed to open air, a toroidal 
recirculation zone will take place, when the swirl number is above 0.6 and the Reynolds 
number at the exit is higher than 18000. [13] 
The Reynolds number at the exit is given by the following expression: 
𝑅𝑒 =
𝑈 ∙ 𝐷𝑒
𝑣
 
Where U is the mean exit velocity considering the total mass flow rate, the exit section 
and the exit gas temperature. De is the gas outlet diameter and v is kinematics viscosity 
of the gases at the outlet considering the exit temperature. The swirl number for a cyclone 
combustor is ideal to be between eight and twenty (Syred and Beer, 1974). [13] 
4.3.3 Some things to mention 
Sometimes cement is used for insulation purposes and from that the walls are constructed. 
So the surface of the walls cannot be so smooth, but it is used to block heat losses from 
the cyclone, in which the temperatures may rise up to around 1450 oC. This is an issue 
that purposely is not taken into account in many experiments and the walls of the cyclone 
are considered smooth. [13] 
Many material used for gasification or combustion in various devices cause the degrada-
tion of these devices by resting in the interior or in some parts of them or by eroding and 
destroying these devices and their parts. This can be countered by using cyclones instead 
that are more endurable at such incidents. For example the cyclones insure that the fuel 
will be kept at a temperature that ash vaporization will not happen and those harmful, 
corrosive ashes will not change state and they will remain solid inside the char particles. 
[13] But this is a technology that dictates the thorough understanding of various phenom-
ena regarding complex flows and the physicochemical rules that apply to those, also good 
understanding and consideration of construction issues and economic circumstances, ap-
plications and calculations and the description of many relevant processes. 
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5 Computational Fluid Dynam-
ics (CFD) 
5.1 General 
A field with increasing importance for modern methods of research is Computational 
Fluid Dynamics or CFD. They follow the basic rules of the conservation laws of mass, 
momentum and energy. The conservation laws of mass, momentum and energy are ex-
pressed by partial differential equations. The discharge rate of a variable in a given vol-
ume equals to the input rate plus any differentiation of the variable in that volume. The 
differential equations describe those differentiation and their total is expressed as the con-
servation law. The main strength of CFD is that the equations can be solved numerically, 
and that is because in CFD fields (complex fields) with a great number of cells (control 
volumes), analytical solutions cannot be implemented. When a differential equation that 
describes a phenomenon over time is present, the numerical method begins with the initial 
values of the variables, then the equations are used to determine the differentiations of 
the variables during a tiny time period called “time step”. This constitutes a very good 
approximation in some occasions used at experiments like the present. Numerous repeti-
tive calculations happen in this method, and thus a capable computer is needed. [22] 
One of the first users of CFD were Boysan et al. (1982). Reynolds averaged Navier – 
Stokes equation needed a lot of effort to complete the calculations and so an axisymmetric 
Eulerian Framework was used instead to calculate the gas flow field, not in 3D. [22] 
The flow of the particles was resolved by using the Lagrangian method. 
𝜕𝑢𝑖
𝜕𝑡
+ 𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗
= −
1
𝜌𝑔
𝜕𝑃
𝜕𝑥𝑖
+
1
𝜌𝑔
𝜕
𝜕𝑥
[𝜇
𝜕𝑢𝑖
𝜕𝑥𝑗
+ 𝜏𝑖𝑗] 
Where: 
𝑢𝑖 is the mean velocity component 
𝜕𝑃
𝜕𝑥𝑖
 is the mean pressure gradient and 
𝜏𝑖𝑗 is the Reynolds stress tensor [22] 
Many studies have applied the same thing. As Boysan et al. said for the high swirl flows 
a model that has to do with assumption of isotropy cannot be applied. Other scientists 
-58- 
mention the same thing. All the derivatives regarding the tangential direction is not nec-
essary to be taken into account, because the flow, for a small distance from the tangential 
inlet, loses its 3D character. [22] 
Many different geometries and turbulence models have been tested for cyclones. Bernard 
et al. (1989) used the same method as Boysan et al. did for applications in a Lapple cy-
clone, at high temperatures. Hoffmann et al. showed the Efficiency Curve of a Stairmand 
cyclone. Zhoo and Soo (1990), as Hoekstra mentions, compared the standard k-ε model 
with the Laser Doppler Anemometry that they already had. They mentioned that k-ε was 
more than enough to predict the flow field of even the double vortex in a cyclone. [22] 
The approximation of Boysan was used to calculate the pressure drop and the grade effi-
ciency curve for various geometries of a cyclone by Griffiths and Boysan. A structured 
3D grid of a produced geometry was used to receive the mesh. They used the RNG k-ε 
model and solved 3D RANS equations. The RNG k-ε uses the rotation in turbulence vis-
cosity calculations. This reveals the connection of the strong swirling flows and the tur-
bulent stress anisotropy. The curves of pressure drop and grade efficiency were in ac-
ceptance with the outcomes of the experiments. [22] 
Hoekstra mentions that Viollet et al. (1992) performed a CFD simulation of a 3D gas 
cyclone using the Reynold Stress Transport Model. The Lagrangian method was used to 
predict the particle trajectories. Turbulent dispersion and wall adhesion were present at 
the grade efficiency curves. As an alternative to Lagrangian model, the two-fluid ap-
proach was used by Kitamura and Yamamoto (1999), as Hoekstra mentions. A mono-
dispersed particle sixe distribution can be used and enhanced to the particulate phase. 
Two or more flows taken into account to observe the flows interactions, but single flows 
are not so important. [22] 
Hoekstra mentions: 
 Extra care is needed to decide which geometry will be used with which turbulence 
model. 
 Extreme care for the efficiency and velocity profiles must be taken into account 
to end up with useful CFD simulations. [22] 
5.2 Lagrangian framework 
For the prediction of particle deposition two frameworks are the best choices: The La-
grangian and the Eulerian frameworks. In the Lagrangian framework the particles are 
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followed one at a time. Sometimes particles seem to enter identical from the gas inlet of 
the cyclone, but they follow different and more complex routes inside the cyclone. A big 
number of particles are tracked. Their motion equations determine their routes inside the 
cyclone. [23] 
The most important equations that are solved are the following:  
𝑚𝑝 ∙
𝜕𝑢
𝜕𝑡
= 𝐹 
F is the sum of all forces applied at the particle 
u is the particle velocity vector 
mp is the particle mass [23] 
The main force is the Drag force: 
𝐹𝑑 =
1
8
∙ 𝜋 ∙ 𝑑2 ∙ 𝜌 ∙ 𝐶𝑑 ∙ |𝑢𝑟| ∙ 𝑢𝑟 
Cd is the drag coefficient, 
d is the particle diameter, 
ur is the relative velocity of the particle and the fluid. [23] 
Other forces included in calculations are buoyancy force, added mass force, a pressure 
gradient force and a term with rotating co-ordinates. The eddy lifetime model introduced 
by Gosman and Ioannides is useful to add turbulent flow for the particles. It describes 
eddies with lifetime and various fluctuating velocities. [23] 
The eddy lifetime is given by the formula: 
𝑡𝑒 = 1.5
1
2 ∙ 𝐶𝜇
3
4 ∙
𝑘
𝜀
 
A random Gaussian distribution with standard deviation (
2𝑘
3
)
1
2
 is used in order to draw 
the fluctuating fluid velocities. [23] 
The movement of the particle is described with iterations one after another with turbulent 
eddies. For an eddy with IE > τur, a particle is captured. IE is the length of an eddy, while 
τ the relaxation time of the particle. For this situation the lifetime of the eddy and the 
fluctuating velocities of the particle can be constant, but the fluid velocity can have vari-
ations. When an eddy’s lifetime ends, a new eddy is generated. The improved accuracy 
of the integration scheme combined with the eddy lifetime model, have as an outcome 
the generous prediction of the particle’s movement and turbulent dispersion within the 
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field an experiment is interested. But as the particles collide with the walls, they behave 
differently. So the modelling procedure meets challenges and some modifications are 
necessary. A boundary with the thermophoretic force is necessary to deal with problems 
that have to do with heat transfer. A random factor is introduced to deal with the collisions 
of the particles with the walls and their rough surfaces and the re-suspension of particles 
for certain levels is taken into account. Those effects are important and is necessary to be 
taken under consideration when modelling. [23] 
6 Description of gasifier 
6.1 Geometry of the gasifier type Muschelknautz 
The dimensions calculations for the construction of the present gasifier type Muschelk-
nautz went as follows, [12]: 
Diameter is known: 
𝐷 = 0.32 𝑚     𝑜𝑟     𝐷 = 320 𝑚𝑚 [12] 
The rest values were obtained by solving the following equations: 
𝐷𝑒 𝐷⁄ = 0.25 →  𝐷𝑒 = 𝐷 ∙ 0.25 = 0.32 ∙ 0.25 = 0.08 𝑚 𝑜𝑟 80 𝑚𝑚, 𝐷𝑒 = 80 𝑚𝑚 [12] 
 
𝑆 𝐷⁄ = 0.457 → 𝑆 = 𝐷 ∙ 0.457 = 0.32 ∙ 0.457 = 0.14624𝑚 𝑜𝑟 146.24𝑚𝑚,  
𝑆 = 146.24𝑚𝑚 [12] 
 
𝐿𝑐 𝐷⁄ = 1.12 →  𝐿𝑐 = 𝐷 ∙ 1.12 = 0.32 ∙ 1.12 = 0.3584𝑚 𝑜𝑟 358.4𝑚𝑚, 
 𝐿𝑐 = 358.4𝑚𝑚 [12] 
 
𝐿𝑏 𝐷⁄ = 0.254 →  𝐿𝑏 = 𝐷 ∙ 0.254 = 0.32 ∙ 0.254 = 0.08128𝑚 𝑜𝑟 81.28𝑚𝑚, 
 𝐿𝑏 = 81.28𝑚𝑚 [12] 
 
𝐻 𝐷⁄ = 0.254 → 𝐻 = 𝐷 ∙ 0.254 = 0.32 ∙ 0.254 = 0.08128𝑚 𝑜𝑟 81.28𝑚𝑚, 
 𝐻 = 81.28𝑚𝑚 [12] 
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𝑊 𝐷⁄ = 0.085 → 𝑊 = 𝐷 ∙ 0.085 = 0.32 ∙ 0.085 = 0.0272𝑚 𝑜𝑟 27.2𝑚𝑚, 
 𝑊 = 27.2𝑚𝑚 [12] 
 
𝐷𝑑 𝐷⁄ = 0.035 →  𝐷𝑑 = 𝐷 ∙ 0.035 = 0.32 ∙ 0.035 = 0.0112𝑚 𝑜𝑟 11.2𝑚𝑚, 
 𝐷𝑑 = 11.2𝑚𝑚 [12] 
 
It was chosen a construction pipe of 0.050 inches or 1.27 mm wall thickness for the gas 
outlet tube [14]. Dimensions dispensable to be presented to the figures of the cyclone 
body. Thus the diameter of the gas outlet is considered equal to De.  
All of them together in a table they are: 
Table 5: Dimensions and values of gasifier, type Muschelknautz. 
Dimension Value (in mm) 
D 320 
De 80 
S 146.24 
Lc 358.4 
Lb 81.28 
H 81.28 
W 27.2 
Dd 11.2 
 
They are also presented in Fig. 16 and Fig. 17. 
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Figure 16: Dimensions and geometry of the present gasifier, type Muschelknautz. 
 
 
Figure 17: Dimensions and geometry of the present gasifier, type Muschelknautz. 
The positions of the inlet, from which the fuel or gas enters the cyclone, the gas outlet, 
from which the gases escape to the next treatment stage and the dust outlet, from which 
the dust is trapped at the dust bin, they are presented at Fig. 18 and Fig. 19. 
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Figure 18: Gas in, gas out and dust out positions on the gasifier, type Muschelknautz. 
 
 
 
Figure 19: Gas in, gas out and dust out positions on the gasifier, type Muschelknautz. 
For the creation of the geometry of the gasifier described at this present work Design 
Modeler of ANSYS Inc. has been used. 
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Firstly the units were set to mm. Because the design is better shown in mm at the display 
window, meaning at the right proportions. In meters for example is shown a little small 
and is needed to be zoomed to be seen clearly. 
To create the desired object at the display window the following steps must be followed: 
from the top toolbar “create” must be selected, then from the dropdown menu “create 
primitives” and then the choice of the desired primitive. The construction of the general 
design and the needed primitives will be analyzed further down. 
For the object to create mass at the display window, at the object’s options window, for 
the “operation” the “add material” option must be selected for every object to be repre-
sented as mass at the display window. If needed to remove mass from the design, the “cut 
material” option must be selected. 
The construction procedure to present a design of a gasifier, type Muschelknautz, fol-
lowed the next steps. Firstly a cylinder of diameter “D” 320 mm and height “Lb” 81.28 
mm was created, along the axis Y of the program, Fig. 20. Then a reversed cone was 
created from the bottom of the previous cylinder. This cone had height “Lc” of 358.4 mm, 
the diameter of the base and largest circle “D” was 320mm and the diameter of the top, 
the smaller circle “Dd” was 11.2 mm, Fig. 21. Later on another cylinder was added where 
the cone ended, meaning the top of the reversed cone. This cylinder had diameter “Dd” of 
11.2 mm, Fig. 22. This construction applied for the most of the body of the gasifier. After 
that a new cylinder was added, this time with the option “cut material” to remove some 
material from the top of the present construction. This cylinder had height “S” 146.24 
mm and diameter “De” 80 mm and it was positioned at the center of the top of the con-
struction and penetrated it at a depth of 146.24 mm, equal to its height. By pressing “gen-
erate” the mass enclosed by the last cylinder was removed, to let an opening with the 
dimensions of the cylinder, Fig. 23. Continuing the construction a new cylinder was put 
inside the opening, at the center of it and reaching all the way down to the bottom of it. 
When this object was generated a new cylinder appeared in the opening to represent the 
outlet tube, Fig. 24. Lastly a primarily cube object was inserted and transformed into a 
cuboid with dimensions, height “H” 81.28 mm and width “W” 27.2 mm, Fig. 25. And 
this concluded the construction of the design of the present gasifier, gasifier of type Mus-
chelknautz. 
A picture of the interior of the gasifier in presented in Fig. 26, with the dimensions of the 
parts that constitutes it. This picture is a vertical cut of the gasifier. 
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Figure 20: First cylinder created. 
 
 
 
Figure 21: Reversed cone created. 
 
-66- 
 
 
Figure 22: Second cylinder created. 
 
 
 
Figure 23: Material cut. The opening. 
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Figure 24: Cylinder inside the opening. 
 
 
 
Figure 25: Last part, cuboid. 
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Figure 26: Vertical cut of the gasifier and dimensions. 
6.2 Mesh 
For the mesh creation the ANSYS Meshing was used. 
After generating the mesh, a mesh of 7688 nodes and 36328 elements was created, Fig. 
27. It was considered as a low quality mesh, with very few nodes and elements to be able 
to host the calculations of the program, using its equations, and thus it was decided to 
continue with an enhancement of the present mesh. A mesh refining was the first step. 
From the “outline” drop down menu – list, right click was pushed at “mesh” option and 
from the drop down list the “insert” option was selected, finally from the new drop down 
list the “refinement” option was selected. In order for the refinement to take place all the 
surfaces of the object were selected and applied at the “geometry” option of the refine-
ment function. Then the “update” button, from the upper tool bar, was used to update the 
current mesh and build up the new refined one. The new refined mesh now was con-
structed of 42811 nodes and 216681 elements, Fig. 28. Numbers adequate enough to pro-
ceed with the calculations. 
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Figure 27: First generated mesh. 
 
 
 
Figure 28: Refined mesh. 
Mesh metrics 
A way of checking the element quality when attempting to create a mesh in ANSYS 
Meshing and also when checking and manipulation of the results of such a mesh is nec-
essary or desired, is through mesh metric procedures. If an object is constructed well and 
its shape is well made then the results that will come out of it after the calculations of the 
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program are done, will be better and more reliable. Also a well-constructed shape con-
tributes in receiving less and not so important errors during large and difficult calculations 
and situations of various problems, like non-realistic materials and also not realistic routes 
and procedures during those various problems to be solved. 
Mesh metrics give one the possibility of checking the outcome of the calculation that are 
about to be made, without going through them and before them. Useful tool to prevent 
one from undergoing a difficult and arduous, time consuming calculations with the pos-
sibility of unnecessary errors that will make the whole procedure harder and it will need 
greater efforts with non-guaranteed results. Mesh metrics save the individual from all this 
trouble. This makes it a great and necessary tool to be used in such occasions. 
Grid independence 
Grid independence is necessary to check whether the solution is independent from the 
mesh resolution. It is necessary for a CFD analysis the solution to be independent from 
the mesh and not to be altered by any change in that. 
6.3 Reynolds number 
To check the Reynolds number for a first test run, the procedure goes as follows. 
The Reynolds number is defined as: 
𝑅𝑒 =
𝜌𝜐𝐿
𝜇
 
Where: 
υ is the inlet velocity (m/s). 
L is the hydraulic diameter, dh, of the inlet for this specific occasion, because the inlet is 
rectangular. 
ρ is the density of air for this cold flow experiment at the given conditions. 
μ is the dynamic viscosity of air for this cold flow experiment at the given conditions. 
For the present experiment the temperature is 293 oK or around 300 oK for ease in calcu-
lations [15] and [18]. For this temperature air has: 
ρ = 1.177 kg/m3 [17], [18] 
and 
μ = 1.846·10-5 kg/m·s [17], [18] 
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The inlet velocity, for this first test run, is chosen to be 12.68 m/s, so υ = 12.68m/s [15], 
[18] 
And 
The hydraulic diameter dh is calculated further down to be 0.04076 m, so dh = 0.04076 
m. 
So Reynolds number after the calculation is: 
𝑅𝑒 = 12,995.67 
Logical value for small scale cyclones, as the one that is presented at this work, which 
usually give around Re = 14,000. [16] 
7 Configuration of the model 
7.1 Configuration for a cold/isothermal flow with air 
and results 
For the configuration to run the experiment and obtain some first results of a cold/isother-
mal flow with only air inside the cyclone, the procedure goes as follows. 
At set up options, in ANSYS Fluent: 
For the general tab in solver type was chosen “pressure-based”, velocity formulation “ab-
solute”, time steady and gravity is added, for this experiment, at Y axis is written -9.81 
m/s2. For models, for turbulence model, first k-ε, then k-ω and finally Reynold Stress 
Model was chosen, because it is a very complex flow field, the flow field inside the cy-
clone and needs at least Reynold stress model to describe it, so the Reynold stress model 
is chosen for cyclone simulations. First a run with k-ε was performed, then without ini-
tialization a second run with k-ω was performed and finally, after that, a run with RSM 
was performed, to obtain the best picture of the flow field in the cyclone. This procedure 
was followed because it is safer and easier for the computer to perform the relevant cal-
culations and finally converge to a solution. If the procedure was done differently, for 
example if RSM was run first without the k-ε and k-ω before it, probably the solution 
would never converge. And this is not a desired outcome. So the procedure went as it was 
described a few lines up above. Any other Reynolds average Navier Stokes turbulence 
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models would give results that are not even close to reality. According to literature the 
RSM is the most accurate one to describe and predict the flow field in the cyclone in any 
possible operating condition. [19] For Reynolds-Stress Model “linear pressure-strain” 
was chosen, at Reynolds-stress options, both “wall BC from k equation” and “wall reflec-
tion effects” were chosen, for near-wall treatment “standard wall functions” was chosen 
and the rest were left as is, defaults. For materials, fluid “air” was chosen and solid “alu-
minium”. For boundary conditions, for the walls (wall-solid) since is a cyclone that is 
constructed from commercial steel, a material quite abundant and most used for these 
applications, it is not necessary to add or change anything in those settings for the walls 
(wall-solid). For the inlet, velocity inlet, and in this specific occasion, gas-inlet, in mo-
mentum tab, the “velocity magnitude” was set to 12.68 m/s (as a first observation), a value 
from 5 m/s to 20 m/s [15], [18], values that are used for such applications, for cyclonic 
gasifiers, so 12.68 m/s is an optimum value for such applications, for a first approach. For 
the supersonic/initial gauge pressure (in pascal), 101325 was chosen to describe normal 
atmospheric conditions. In turbulence, for specification method, “intensity and hydraulic 
diameter” was chosen, with values of 5% for turbulent intensity and a hydraulic diameter 
of 0.04076 m, a value that it was calculated from the equation: 
𝑑ℎ.𝑖𝑛𝑙𝑒𝑡 =
4 ∙ 𝐴
𝑈
=
4 ∙ (81.28𝑚𝑚 ∙ 27.2𝑚𝑚)
2 ∙ (81.28𝑚𝑚 + 27.2𝑚𝑚)
=
4 ∙ 2,210.816𝑚𝑚
2 ∙ 108.48𝑚𝑚
=
8,843.264𝑚𝑚
216.96𝑚𝑚
= 40.76𝑚𝑚 = 0.04076𝑚. 
dh = Hydraulic diameter 
A and U from Fig. 29. 
  -73- 
 
 
Figure 29: A and U parameters from the geometry of the cyclone. 
 
Since this is a turbulent model it is not necessary to worry for the rest boundary conditions 
for the velocity inlet. 
For the pressure-outlet, in this specific occasion gas-outlet, the gauge pressure (in pascal) 
was left zero. For the turbulence the “specification method” chosen was “intensity and 
hydraulic diameter”, with “backflow turbulent intensity” 5% and “backflow hydraulic 
diameter” of 0.08 m. The value for the backflow hydraulic diameter was calculated by 
solving the following equation: 
𝑑ℎ.𝑜𝑢𝑡𝑙𝑒𝑡 =
4 ∙ 𝐴
𝑈
= 𝑑 = 80𝑚𝑚 = 0.08𝑚. 
dh = Hydraulic diameter 
De =Gas out outlet diameter, Fig. 30 and Fig. 31. 
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Figure 30: Gas out outlet diameter. 
 
 
 
Figure 31: Gas out outlet diameter. 
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Equivalent diameter is defined for Reynolds number in rectangular pipes and non-spher-
ical objects. That is why those numbers for the hydraulic diameters of inlet and outlet 
were calculated and applied at the boundary conditions of the present experiment. 
Also for the other pressure outlet, the dust-outlet, the gauge pressure was left zero. And 
for the turbulence, in momentum, also intensity and hydraulic diameter was chosen, and 
in the backflow hydraulic diameter (in meters), following the previous logic, 0.0112 was 
chosen, because the diameter of this outlet is this exactly. 
In solution methods the scheme is SIMPLE. In spatial discretization, for pressure, mo-
mentum, turbulent kinetic energy and turbulent dissipation rate, the second order upwind 
option was chosen and for gradient least squares cell based was chosen. These options 
are the optimal ones for the solution to converge. 
In solution initialization, as initialization method the standard initialization was chosen, 
at compute from, the gas-inlet was chosen and then initialize button was pushed. 
Finally in run calculation menu, for iterations 1000 was chosen and calculate button was 
pushed. 
The k-ε took around 430 iterations to converge at a value 1.8289×10-4 for continuity, 
meaning a value of a class of 1×10-4, which is the optimum value for the solution to con-
verge. 
The k-ω took another 104 iterations to converge, at the same class of values, at 534 iter-
ations. 
And finally the RSM took another 485 iterations to converge at 1019 iterations total. 
Again at values of 1×10-4. 
This was the end of calculations and the configuration in ANSYS Fluent to obtain the 
first results for a cold/isothermal flow with only air inside. 
Some pictures of the results, pictures that came out of CFD-Post software of ANSYS, a 
software for post process of the results of an experiment, are the following, Fig. 32 pres-
sure contours, Fig. 33 velocity contours, Fig. 34 and 35 velocity vectors, Fig. 36 turbu-
lence kinetic energy contours, Fig. 37 wall shear and Fig. 38 velocity streamlines. 
In figure 31 the pressure contours, for the gauge pressure, are shown. It is clearly observ-
able that the highest values around 356 Pa are present near the walls and at the upper part 
of the cyclone interior. Which is logical due to the route the gas, in this occasion the air, 
follows when in enters from the gas inlet and then goes tangentially to the walls at the 
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opposite side of the inlet, then again tangentially to the wall closer to the inlet and in a 
swirling flow always tangentially to the walls to the bottom of the cyclone body. As it 
goes down the gauge pressure at the walls become lesser with values of 304 Pa and 225 
Pa. Reaching the bottom with values around 147 Pa first and later on 68 Pa to 41 Pa. The 
same goes from the exterior to the interior of the cyclone with the gauge pressure to vary 
from higher values at the exterior, 356 Pa up, 225 Pa at the middle and 68 Pa at the bottom 
to 68 Pa and lesser values around -10 Pa, -36 Pa and -62 Pa (sucking phenomenon) at the 
center of the cyclone before the vortex finder. This comes logical with the flow of the air 
inside the cyclone first and at the external parts higher and later on and to the internal 
parts less. These low values, even negative ones (sucking phenomenon), combined with 
the higher ones at the exterior push the air upward in the middle of the cyclone to the gas 
outlet at the top of it, and out of it. 
 
 
Figure 32: Pressure contours inside the cyclone. 
The velocities as it is shown at figures 33, 34 and 35 are higher at the upper and opposite 
of the inlet part of the cyclone with values around 13.6 m/s, because there is present the 
incoming air with high velocity. Higher are the values at the inlet of the vortex finder 
closer to the walls, probably due to high turbulence as it is shown in figure 36 for the 
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same region. Low are the values close to the walls around 0 to 3 m/s. The lowest are 
present inside the gas outlet tube and at the center of it with numbers around 0 to 3.8 until 
maximum 5 m/s and at the center and lowest part of the cyclone close to the bottom and 
at it with the same numbers. In all other regions the velocities vary from 8 to 11 m/s. The 
vectors, figure 34 and 35 and the streamlines, figure 38, show a movement from up to the 
bottom and then again upwards from the center of the cyclone, this time, to the gas outlet 
and out of the cyclone. 
 
 
Figure 33: Velocity contours inside the cyclone. 
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Figure 34: Velocity vectors inside the cyclone. 
 
 
Figure 35: Velocity vectors inside the cyclone, another view. 
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The turbulence is higher at the inlet of the vortex finder and at the outlet of the gas outlet 
tube, with values around 3.5 J/kg, as it is shown at figure 36. This is representative of the 
high turbulent flow at these parts. 
 
 
Figure 36: Turbulence kinetic energy contours inside the cyclone. 
The wall shear shows high values, of 0.85 Pa, at the upper parts of the cyclone and closer 
to the walls, lesser, around 0.748 Pa, at the lower parts and high enough at the gas outlet 
tube, around 0.86 Pa, as it is shown in figure 37. This is logical due to higher forces at 
these part of the cyclone caused by the flow pattern of the air inside the cyclone and less 
at the other parts. 
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Figure 37: Wall Shear at the walls of the cyclone. 
 
 
Figure 38: Streamlines of velocity inside the cyclone. 
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7.1.1 Further results 
Some further results include run of this specific model with velocities of 5m/s and 20 m/s. 
At figure 39 the contours of pressure, velocity, wall shear and turbulence kinetic energy 
and the vectors of velocity, of 5m/s run are presented. 
 
 
Figure 39: Contours and vectors for 5 m/s. 
It is clearly observed that the different parameters follow the same paths as in the situation 
of 12.68 m/s, but with different values, lesser. For example the pressure applied at the 
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walls is less and the wall shear much less. The same applies for the turbulence kinetic 
energy, except for it the places with higher values that are more or less at the same posi-
tions with those of the example with 12.68 m/s but here the highest values can be observed 
near the inlet of the vortex finder and to the right inside the gas outlet tube. 
At figure 40 the contours of pressure, velocity, wall shear and turbulence kinetic energy 
and the vectors of velocity, of 20m/s run are presented. 
 
Figure 40: Contours and vectors for 20 m/s. 
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As it was observed previously the pattern of the flow inside the cylinder are the same with 
the two previous experiments. But the values are different, higher. The pressure is higher, 
almost three times larger than that of 12.68 m/s experiment, the velocities and the wall 
shear are also higher. For the turbulence the places where it is larger are the same as with 
12.68 m/s, but the values again are higher, compared to the values of 12.68 m/s again 
almost three times higher. 
7.1.2 Conclusions 
As a conclusion it is correct to say that by rising the velocity at the inlet all the parameters, 
pressure, velocity, wall shear and turbulent kinetic energy are risen too. By almost dou-
bling the velocity the parameters go up almost three times. The pattern of flow inside the 
cyclone, though, remains the same more or less even if the velocity changes. Only a small 
difference was observed from low velocities (5 m/s) to medium velocities (12.68 m/s). 
The turbulence in the occasion of 5 m/s was less and more to the down and right inside 
the gas outlet tube, in comparison with the turbulence in 12.68 m/s where it was more and 
at the center and at the down and right part of the gas outlet tube, excluding the upper part 
of the tube, where the places were the same. 
7.2 Configuration for a cold/isothermal flow with 
particles and results 
For the configuration of the model to run and give results for a cold/isothermal flow with 
air and particles, solid (wood) and liquid (kerosene), the process went as follows. 
In ANSYS Fluent for the Setup field, in general options, for solver, type was set at pres-
sure-based and time to steady, gravity was added at y axis, -9.81 m/s2, because this is the 
axis where gravity is needed to be applied. For models options viscous firstly k-ε, then k-
ω and finally RSM, three runs were performed one after the other with the series men-
tioned before. The point was to end up running the experiment with RSM which is the 
method that describes better the flow field inside the cyclone. [19] Discrete phase was 
enabled, at tracking pad, in tracking parameters, max. number of steps was set to 5000, 
specify length scale was selected and length scale (m) was set to 0.001, these options were 
selected to better observe the movement of particles inside the cyclone. From the injec-
tions button a new injection was created by pushing create button, the name of which 
injection-0, randomly. At the injection settings, injection type, surface was selected and 
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release from surfaces, gas_inlet was selected. In the same window at material from the 
drop down list wood was selected for the experiment with solid particles, because most 
biomass and bio-waste categories contain wood and kerosene was selected for the exper-
iment with liquid particles, due to high volatilization factor it has. At point properties tab 
scale flow rate by face are and inject using face normal direction were selected, and at the 
columns in the list for the variables and their values the following selections were made, 
diameter (m) 10-5, 10-4 and 10-3 in variations depending the executed experiment, velocity 
magnitude (m/s), three velocities were used again in variation with the other parameters 
to get various results, those were 5, 12.68 and 20, and for the total flow rate (kg/s) 
2.60×10-5 and 0.035 again with variations, for different results. Those three diameters of 
the particles for the experiments were chosen because at the experiments with biomass 
feeding diameters of around 90 to 500 μm and 150 to 600 μm are used for the particles, 
that is why very small particles, around 10 μm, medium ones, around 100 μm and large 
ones, around 1000 μm, were chosen. Moghiman et al. (2007) also use particles with di-
ameters from 0 to 800 μm, and for this variation of values the chosen ones are well chosen. 
[20] The velocities of 5 m/s, 12.68 m/s and 20 m/s were chosen, because they are repre-
sentative of such applications. [18] [15] The two flow rates were chosen because they are 
indicative of such applications, (2.60×10-5 kg/s [21]). In boundary conditions options for 
the gas inlet (velocity inlet) at momentum, the velocity magnitude (m/s) was put 5 m/s, 
12.68 m/s or 20 m/s depending the situation that it was necessary to be examined, at 
supersonic/initial gauge pressure (pascal) was put 101325 pascals to represent the atmos-
pheric conditions, in turbulence, for specification method, intensity and hydraulic diam-
eter was set, for turbulent intensity (%) 5% and for hydraulic diameter (m) the hydraulic 
diameter of inlet, which is 0.04076 m. For gas outlet (pressure outlet) also in boundary 
conditions, in turbulence for the specification method again intensity and hydraulic diam-
eter, backflow turbulent intensity (%) 5% and backflow hydraulic diameter (m) the diam-
eter of gas outlet, which is 0.08 m. For the dust outlet (pressure outlet) in boundary con-
ditions in turbulence, for specification method again intensity and hydraulic diameter was 
chosen, and backflow turbulent intensity (%) 5% and backflow hydraulic diameter (m) 
the diameter of dust outlet, which is 0.0112 m. At the solution list, for the solution meth-
ods, at special discretization, gradient, least squares cell based, pressure, second order, 
momentum, second order upwind, turbulent kinetic energy, second order upwind and spe-
cific dissipation rate, second order upwind. Those are the optimal choices for the solution 
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to run smoothly and finally converge. In solution initialization, for the initialization meth-
ods, the standard initialization was chosen, compute from, gas inlet and finally initialize 
was pushed. To run the calculation, 1000 iterations were chosen, at the relevant field in 
run calculation options and the calculate button was pushed. 
Numerous results have been obtained for the various situations that come out of the dif-
ferent combinations between the various variables available. As some indicative presen-
tations the situations with solid particles of wood for velocities 12.68 m/s and particle 
size 100 μm, 5 m/s and 10 μm and 20 m/s and 1000 μm, are presented. 
First the situation with velocity 12,68 m/s and particle size 100 μm is presented at figure 
41. 
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Figure 41: Contours and vectors for velocity 12.68 m/s and particle size 100 μm. 
Second the situation with velocity of 5 m/s and particle size of 10 μm is presented at 
figure 42. 
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Figure 42: Contours and vectors for velocity 5 m/s and particle size 10 μm. 
Third the situation with velocity 20 m/s and particle size 1000 μm is presented in figure 
43. 
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Figure 43: Contours and vectors for velocity 20 m/s and particle size 1000 μm. 
For this last situation the mean residence time of the particles is around 0.55 sec. 
The stream lines of velocity show a route for the flow that first it descends closer to the 
walls and just before the dust outlet it goes up from the middle of the flow field of the 
cyclone to finally go out of it through the gas outlet. 
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7.2.1 Comparison 
To compare the previous situations some observation can be made. The pressure although 
is preserves the same pattern for all situations with higher values at the upper and outer 
part of the cyclone body and lower values at the center of it and close to the vortex finder, 
it changes, it is becoming bigger and bigger as the particle size increases, for maximum 
values and so for the rest, from 101400 Pa for 10 μm particles, to 101700 Pa for 100 μm 
particles and finally to 102200 Pa for 1000 μm particles. The wall shear also increases 
with the increase of particle size. For highest values and so for the rest the following 
values are representative, for 10 μm particles 0.37 Pa wall shear, for 100 μm particles 
1.11 Pa wall shear and for 1000 μm 1.84 Pa wall shear. The turbulence is also affected by 
the change in velocity and not by the particle size. For highest values and so for the rest, 
the following values are representative, for 5 m/s the turbulence kinetic energy is 0.7 J/kg, 
for 12.68 m/s the turbulence kinetic energy is 3.8 J/kg and for 20 m/s the turbulence ki-
netic energy is 9.35 J/kg. The particle residence time increases as the particle size in-
creases, for highest values and so for the rest, for 10 μm particles the residence time is 1 
sec, for 1000 μm particles the residence time is 1.15 sec. The following table applies for 
the particles residence time, table 6. 
Table 6: Particles residence time in seconds (s: solid, l: liquid). 
 10 μm 100 μm 1000 μm 
5 m/s s: 1, l: 1.02 s: 3.05, l: 3.08 s: 4.49, l: - 
12.68 m/s s: 1.06, l: 0.586 s: 1.4, l: 1.46 s: 0.368(k-ε), l: 
1.81 
20 m/s s: 0.379, l: - s: 0.911, l: 0.942 s: 1.15, l: - 
 
This table, table 6, is for the highest values but the same applies with analogy to the rest 
of the values. The residence time drops with the increase of velocity and increases with 
the increase of the particles size. The increase of the residence time as the size of the 
particles increases can be explained due to the sizes selected for this experiment, 10 μm, 
100 μm and 1000 μm, which are sizes that does not affect the residence time even with 
the biggest particles of 1000 μm. 
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7.2.2 Some other results 
Some other interesting results have to do with the different directions of velocity, velocity 
frame u, velocity frame v and velocity frame w. Those are presented at the following 
figures 44, 45 and 46. 
 
 
Figure 44: Velocity frame u. 
The direction u is the one from left to right as it is presented at figure 44, and it is higher 
where the flow passes to end up swirling around. The inlet is to the left, so higher will be 
at the right part of the cyclone body. 
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Figure 45: velocity frame v. 
The v direction is the one from the bottom to the top and is higher at the vortex finder and 
closer to the exit at the gas outlet tube. Where the materials are push out through the gas 
outlet. 
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Figure 46: velocity frame w. 
The w direction is the swirling direction which cannot be presented properly because it is 
vertical to the plane of presentence, thus it takes values around 0. 
8 Comparison of the flows with 
and without particles 
The flow with air without any particles and the flow with particles solid (wood) or liquid 
(kerosene), were compared by testing various parameters. 
For pressure has been observed that it is larger when particles are included at the flow 
than when the flow is simple air, fig.47 and fig.48. This can be observed at the following 
figures, fig.47 only air, fig.48 flow with particles included. 
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Figure 47: Contours of pressure without particles, only air included. 
 
 
Figure 48: Contours of pressure for a flow with particles. 
-94- 
The highest values for pressure in the two situations examined, and so for the rest of the 
values, are higher at the flow with particles included with a value of 101700 Pa, than that 
without particles included and only air studied, which has a value of 375 Pa (gauge pres-
sure). Clearly much higher with particles than without them. 
The velocity does not have great differences in flows with or without particles, fig.49 and 
fig.50. In the following figures, this observation is clear, fig.49 without particles, fig.50 
with particles solid, fig.51 with particles liquid. 
 
 
Figure 49: Contours of velocity with only air (RSM). 
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Figure 50: Contours of velocity with solid particles (RSM). 
 
 
Figure 51: Contours of velocity with liquid particles (k-ω). 
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The velocities are slightly higher without any particles than with any. 
As for the wall shear it is slightly different in the occasion with particles than that without 
any. It is slightly higher in the occasion with particles. Fig. 52 and fig. 53. Figure 52 
without particles, figure 53 with particles. 
 
 
Figure 52: Wall shear contour for flow without particles. 
  -97- 
 
 
Figure 53: Wall shear of flow with particles. 
The difference between the values of the two different situations is slight. The maximum 
value of the wall shear with particles is 1.111 Pa and the maximum value of the wall shear 
without any particles, just with air, is 1.001 Pa. This is a very small difference, which 
gives the lead for the assumption that in both situations the wall shear conditions are more 
or less the same, thus even if particles exist in the flow they do not touch the walls at high 
rates, this is a very desired situation for the present experiment. 
9 Conclusions 
By constructing and running the model for both cases of a cold/isothermal flow with air 
only and a cold/isothermal flow with particles, solid (wood) and liquid (kerosene), some 
important results have been occurred. Three variables were studied more thoroughly, 
these are: pressure, velocity and wall shear. These variables were chosen due to their 
importance for the present experiment. 
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Pressure shows the forces applied at the walls of the equipment and where exactly, for 
the present experiment it is needed not a high pressure to be applied at the walls for the 
flow to run smoothly in the flow field of the cyclone and provide the environment ideal 
for the vortex to be created. The pressure is higher at the exterior of the vortex and lower 
at the interior and all the way up to the gas outlet. This causes the light particles, like 
volatiles, go up and the heavier like char to be dropped down at the dust outlet to the dust 
bin – dust collector. 
The velocity is examined to show the shape of the flow field and the tensions into it. It is 
clear that the velocity is higher at the exterior of the vortex and lower at the interior, with 
the highest values at the inlet of the tube of the gas outlet, at the place of the vortex finder, 
to maintain medium values close to the walls of the tube and lower at the centre of it. This 
causes the volatiles to escape from the gas outlet near the walls of the tube. The residence 
time of the particles inside the cyclone is reduced with higher velocities and increased 
with bigger particles. In many occasions the particles do not escape at all from the gas 
outlet but they are completely trapped at the dust bin and this is happening mostly with 
the bigger particles. Nevertheless, the residence time and the velocities applied are ade-
quate for the process to go on, the vortex to be created and the particles to be separated 
with the lightest to go upward and the heaviest to go downward in most occasions. 
The wall shear values reveal that the flow with particles and without them follow more 
or less the same pattern regarding this variable and wall shear takes more or less the same 
values. This can be explained that the particles do not touch the walls at high rates, which 
is very desirable for the present experiment and for the process to go on. 
It is clear that by changing the already mentioned variables, pressure, velocity, residence 
time, wall shear, by applying different values of velocity and pressure at the gas inlet, 
various situations can be obtained, with particles to escape or not and with vortexes of 
different speeds and residence time for the particles. 
Geometry of the cyclone also plays a crucial role in the whole process and its final results. 
This experiment provides a model and a process parametrized and easy to be handled. In 
which by applying different values for velocity and pressure can be defined the according 
flow field and improve it or alter it due to any necessity and experiment needed. 
This proves CFD as a very powerful and helpful tool. 
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